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Aim of the work 
This thesis is focused on the manipulation of liquids and polymeric fluids in a 
non-contact and electrode-free way, exploiting pyro-electro-hydro-dynamic 
effect. In the following, there will be described the pyro-electro-hydro-dynamic 
techniques, their possible applications in different field of technology and the 
obtained results. It will be showed as the versatility of these methods makes pyro-
electro-hydro-dynamics very attractive to many scientific fields, such as optics, 
microfluidics, biology and chemistry. All the reported works were developed at 
CNR-ISASI laboratories. The thesis structure provides an introduction based on 
the theory and the combination between pyroelectric and electro-hydro-dynamic 
effect, with a focus on the developed techniques, followed by the presentation of 
the realized works. 
Specifically, in Chapter 1 the theory and the basis of the pyro-electro-hydro-
dynamics will be explained; it will be shown its potential and how we propose to 
use this combined effect.  
In Chapter 2 it will be presented the fabrication of micro-optical devices, in 
particular micro-lenses, through pyro-electro-hydro-dynamic effect. Micro-lenses 
find application in communications, three-dimensional displays, optical data 
storage and photo-detectors. In the second chapter the micro-lens fabrication will 
be described using two different approaches: first, by an ink-jet technology, and 
then through self-assembly on a micro-engineered pyroelectric crystal. Starting 
from the need to simplify the electro-hydro-dynamic printing technology and 
increase the range of printable materials, a new pyro-ink-jet set-up will be 
proposed, which will permit to avoid the use of electrodes and nozzle. Then, 
further modifications of the set-up will improve the flexibility of the technique, 
for example extending the range of suitable substrates. After that, the micro-
lenses will be optically and geometrically characterized and it will be presented 
the fabrication of a multi-component device as an example of application of this 
technique. The results demonstrate that pyro-ink-jet printing permit to realize 
very uniform micro-lenses arrays with high resolution (diameter   ̴ 300 nm). The 
second approach proposed is based on the self-assembly of a micro-lenses array 
on a micro-engineered pyroelectric crystal. It will be showed the fabrication of a 
micro-lens array decorated by nano-particles, such as quantum dots, and it will be 
discussed the di-electro-phoretic effect for the self-assembling of the employed 
dots. In particular, the study will focus on the effect of the patterned substrate on 
the localization of the nano-particles and on the investigation of the dots pattern 
transfer. The most attractive application of these nano-composites is in optic and 
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photonic sectors: quantum dots, in fact, find great interest in solar cells and 
energy harvesting. 
Chapter 3 will show another application of pyro-ink-jet printing: the capability of 
this system in the manipulation of highly viscous polymeric solution, allowing 
the deposition of polymeric fibers. The results presented demonstrate that pyro-
ink-jet printer is also a valid alternative to the classic electro-spinning system, 
avoiding electrodes and spiraling effect during the deposition. The fibers 
produced show great uniformity and reach thicknesses until the nano-metric 
scale. The possibility to use biodegradable and biocompatible polymers ensures 
large application in attractive fields such as biology, chemistry and microfluidics. 
Moreover, in this chapter it will be shown how a polymeric fiber, deposited 
through pyro-ink-jet printing, can be used as a component in a microfluidic 
channel, fabricated subsequently to the fiber deposition. Finally, all the 
procedures used to realize micro-channel will be illustrated. 
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PYRO-ELECTRO-HYDRO-
DYNAMICS 
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1.1     Pyroelectric effect 
Pyroelectricity is a property of particular materials which exhibit a spontaneous 
polarization that depends on the temperature
1
. This property depends on the 
molecular structure of the material: a pyroelectric solid has inner dipoles, due to 
the presence of cations or anions in the structure
2
. As shown in Fig. 1.1, in 
equilibrium conditions (constant temperature), each dipole has its orientation and 
the total electric dipole moment is zero. A temperature variation induces a 
movement between the atoms (which have a certain mobility) and, for that 
reason, a change in the dipoles strength (therefore, the polarity
3
) and, 
consequentially, a charge displacement on the material surface, i.e. an electric 
current. 
 
 
Figure 1.1. Circuital representation of pyroelectric working at constant 
temperature, under heating and under cooling. 
 
It is important to underline that, if the material remains at the same temperature, 
after it has undergone to a thermal variation, the inner domains work to recover 
an equilibrium, crowding the charges on the external surfaces, reinstating the 
starting polarization and setting to zero the electric field. That means just a 
thermal gradient induces an electric current
2,4
. Thermoelectricity shows similar 
characteristics, compared to pyroelectricity. Nevertheless, while a 
thermoelectrical material, once heated, produces an electric current and a stable 
electrical potential, due to the inner displacement of electrons and holes
5
, a 
pyroelectric material attracts electrons from the external ambient, in order to 
compensate the exceed of charges occurred on the surface
2
. The phenomenon 
depends on the set temperature: in fact the Curie temperature is the temperature at 
which the polarization goes to zero
1,6
. 
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1.1.1 Pyroelectric materials and properties 
 
1.1.1.1 Pyroelectric material classes 
A pyroelectric material can be either a ceramic or a polymer. Between ceramics 
there are lead zirconate titanate (PZT, Pb[ZrxTi1-x]O3), barium titanate (BaTiO3), 
lithium titanate (LiTiO3), lithium niobate (LiNbO3), lithium tantalate (LiTaO3)
7
 or 
the more complex lead magnesium niobate-lead titanate (yPbMgxNb1-xO3–1-
yPbTiO3, PMN-PT) and lead zirconate niobate-lead titanate (yPbZrxNb1-xO3–1-
yPbTiO3, PZN-PT)
8-11
. PZT based ceramics are probably the most common used, 
due to its chemical and mechanic stiffness, their high Curie temperatures 
(suitable, for example, for space applications) and, moreover, the variation of the 
Zr/Ti ratio, combined to the addition of dopants, allows to largely modify the 
physical properties of the material
2,12
. Pyroelectric polymers include 
polyvinylidene fluoride ((C2H2F2)n, PVDF), polyvinylidene fluoride 
trifluoroethylene ((C2H2F2)n-((C2HF3)m, P(VDF-TrFE), which have the highest 
pyroelectric coefficient ever signed: 40μC/m2K)13 and polyvinylidene fluoride 
trifluoroethlyenechlorofluoroethylene ((C2H2F2)n-((C2HF3)m-(C2H2FCl)p, P(VDF-
TrFE-CFE))
7,14
. Obviously, in order to be pyroelectric, a polymer has to be semi-
crystalline. That is a critical point because PVDF can crystallize in a α, β and γ-
phase, and the more stable phase is the α one, which is paraelectric. Moreover, 
without external stresses, PVDF crystallizes in the α-phase too. Instead, β-phase 
exhibits the strongest pyroelectric properties
15
, while γ-phase have chain 
conformation in between that of the α and β-phases, showing weak pyroelectric 
properties. The way to obtain one of the pyroelectric phases goes through the 
structure mechanic deformation and the poling (an electric process that attends to 
the polarization and the dipole moments orientation in the direction of an applied 
external electric field and that will treated in the following sections)
7,15
. It is also 
possible to obtain a δ-phase simply poling the α-phase, making it polar15. 
Compared to PVDF, the pyroelectric β-phase of P(VDF-TrFE) is achieved 
without external stresses
16
. Furthermore, P(VDF-TrFE) has a Curie temperature 
lower and a dielectricity 25 times greater than the ones of pyroelectric ceramics
17-
18
; these properties make this polymer suitable for particular application such as 
power generation or low temperature harvesting. Pyroelectric polymers have the 
advantage of being very cheap and easy to manipulate, allowing to work at low 
temperature. Their use occupies, in particular, biomedical and industrial fields
6-
7,19
. However, in nature, pyroelectricity has been observed in minerals (such as 
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tourmaline, probably the first pyroelectric material ever discovered
20 
or quartz
2
) 
or biological materials (such as bones or tendons)
2,21-22
. 
 
1.1.1.2 Pyroelectricity, piezoelectricity and ferroelectricity 
A pyroelectric is always a piezoelectric also, due to the existence of polarizable 
domains. Not all the piezoelectric materials are pyroelectric too; this is caused by 
the inner structure of pyroelectrics. In fact, a pyroelectric crystal is asymmetric, 
while the charges accumulation occurs along orthogonal faces relative to a 
symmetry axis. Indeed, some piezoelectric crystals have a symmetry that prevents 
pyroelectricity. Moreover, ferroelectric materials are also pyroelectrics, being 
able to reverse their spontaneous polarization if submitted to an electric field
7
. 
However, not all the pyroelectric materials can invert their polarization in the 
same conditions
23
. More in general, there are 32 classes of dielectric crystals, 21 
of these are not symmetrical and 20 are piezoelectric. Among these, 10 are 
paraelectrics (do not exhibit a spontaneous polarization, but only in presence of 
external electric fields), while the other 10 are pyroelectrics. Therefore, these are 
divided in ferroelectrics and non-ferroelectrics
7
. In Fig. 2.1 is showed a 
recapitulative scheme: 
 
 
Figure 1.2. Classification of crystals: piezoelectrics, pyroelectrics and 
ferroelectrics: 10 of the 32 dielectric crystal classes are pyroelectric. 
 
 
1.1.2 Analytical interpretation of pyroelectricity 
The dependence of the spontaneous polarization PS (C/m
2
) from the temperature 
is described by the pyroelectric coefficient ?̅? (C/m2·K), which is a vector 
expressed as: 
?̅? = (
𝜕𝑃𝑆̅̅ ̅̅
𝜕𝑇
)
?̅?,?̿?
                                                   (1) 
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where E is the electric field, expressed in V/m, and σ is the elastic stress, 
expressed in Pa. More precisely, ?̅? reported in Eq. 1 is named pyroelectric 
thermodynamic coefficient, while pe showed in Eq. 2 is the pyroelectric 
experimental coefficient and is calculated as the variation of charges due to a 
thermal variation dQ/dT on a surface A
24-25
.  
𝑝𝑒 =
1
𝐴
𝑑𝑄
𝑑𝑇
                                                       (2) 
Note that the pyroelectric experimental coefficient is a scalar and its value is 
usually lower than the modulus of ?̅?. The electric displacement D of the atoms is 
the effect of pyroelectricity in a material and can be expressed as
2
: 
𝑑?̅? = ?̅?𝑑𝑇                                                      (3) 
That means that, if E is constant, D is equal to PS. This is clear considering the 
formula that expresses D for an isotropic pyroelectric material
3,26
: 
?̅?(𝐸, 𝑇) = 𝜀0𝜀𝑟(𝑇)?̅? + 𝑃?̅?(𝑇)                                     (4) 
where ε0 is the vacuum permittivity (= 8.854x10
-12 
C/V⋅m) and εr(T) is the relative 
permittivity of the material at electric field E and temperature T.  
Known IP as the electric current generated by pyroelectric materials submitted to 
a thermal treatment (see Fig. 1.1), its expression can be written (considering 
linear behaviors relative to the heating or cooling
27
) as: 
𝐼𝑃 = 𝐴|?̅?|
𝑑𝑇
𝑑𝑡
                                                     (5) 
where A is the stimulated surface on the material
28-29
. The current generated by 
pyroelectric materials, at the best, is in the range of micro-amperes, but, normally, 
it does not exceed pico-amperes. However, the evaluation of pyroelectricity is 
made considering constant the volume of the material, during the thermal 
treatment: this effect is called primary pyroelectricity. When a thermal gradient is 
applied on the material, its volume changes, so all the parameters that concern the 
geometry are altered and a secondary pyroelectricity occurs, due to the 
piezoelectric effect
2,30
. 
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1.2      EHD phenomenon 
Electro-hydro-dynamics (EHD) is a phenomenon that describes the interactions 
of ionized particles into a liquid subjected to an electric field. A charge 
displacement is induced in the liquid due to the electric field that employs 
attractive and repulsive forces with the liquid molecules
31-32
. The result consists 
on the deformation of the liquid drop that assumes a conical shape, known as 
Taylor’s cone33, due to charges accumulation at the interface34-35. 
 
Figure 1.3.Taylor’s cone. 
 
In particular, Taylor’s cone is an equilibrium condition mediated by the forces 
generated by the surface tension force and the external electric force density
33
. In 
other words, an equivalence between a term 𝐹𝛾, relative to the surface tension 
contribute, and a term 𝐹𝑒, relative to the electric external stimulus, has to be 
reached
35
. In this section the Taylor’s cone equilibrium conditions will be 
summarized. These are at the basis of the phenomena involved in the pyro-EHD 
tools, explained in the following. 
 
1.2.1 Surface tension 
The surface tension is generically defined as the external exerted work 𝜕𝑊 to 
expand the liquid surface for a quantity 𝜕𝐴: 
𝛾 =
𝜕𝑊
𝜕𝐴
                                                     (6) 
If the surface is curved, choosing the z axis as the direction of the force 
associated to the surface tension, 𝛾 can be written as: 
𝛾 =
|𝐹𝑍̅̅ ̅̅ |
𝐴
(
1
𝑅𝐶1
+
1
𝑅𝐶2
)−1                                      (7) 
Where 𝑅𝐶1 and 𝑅𝐶2 are the curvature radii. In the case of a cone, as that showed 
in Fig. 1.4, 𝑅𝐶2  
→ ∞. 
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𝛾 =
|𝐹𝑍̅̅ ̅̅ |
𝐴
𝑅𝐶1 =
|𝐹𝑍̅̅ ̅̅ |
𝐴
𝑟
cot 𝛼
                                    (8) 
 
 
Figure 1.4. Schematization of a Taylor’s cone. 
 
The 𝐹𝛾 modulus could be defined as the normal force 𝐹𝑧 per unit area A, so Eq. 8 
can be also written: 
|𝐹?̅?| =  
|𝐹𝑍̅̅ ̅̅ |
𝐴
= 𝛾
cot 𝛼
𝑟
                                           (9) 
 
1.2.2 Electric external forces 
In order to evaluate 𝐹𝑒, the first step is the calculation of the electric force density 
𝑓?̅?, which is linked to the Maxwell stress tensor ?̿?. 
𝑓?̅? = ∇̅ ⋅ ?̿?                                                    (10) 
In order to derivate ?̿?, two possible approaches are known as the Kelvin method 
and the Korteweg-Helmholtz method
36-37
. These proposals consider magnetic 
fields as neglected and elementary dipoles as the model to describe the interaction 
between the fluid and the field. Moreover, the electric field is assumed 
independent from the mechanic pressure, i.e. electrostriction effects are 
neglected. By the Kelvin method, the total electric force density of Kelvin 𝑓𝑒,𝑘̅̅ ̅̅̅ 
could be decomposed in two contributes: one due to the charges bounded to the 
liquid molecules, 𝑓?̅?, associated to the tensor ?̿?𝑘, and another one due to free 
charges, 𝑓?̅?, associated to the tensor ?̿?𝑓
36
. The evaluation of 𝑓?̅? (also known Kelvin 
force polarization density) considers ?̅? as the average electric dipole moment per 
unit of volume, which is linear respect to the electric field, if the material is 
isotropic. An expression of ?̅? is: 
?̅? = (𝜀 − 𝜀0)?̅?                                            (11) 
where ε is the permittivity of the medium and ε0 is the permittivity of vacuum. 
The term 𝑓?̅? depends on ?̅? and ?̅? through the formula: 
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∇̅ ⋅ 𝑇𝑘̿̿ ̿ = 𝑓?̅? = (?̅? ∙ ∇̅)?̅? = (𝜀 − 𝜀0)(?̅? ∙ ∇̅)?̅? = (𝜀 − 𝜀0) [(∇̅ × ?̅?) × ?̅? +
1
2
∇̅(?̅? ∙ ?̅?)] =
1
2
(𝜀 − 𝜀0)∇̅(?̅? ∙ ?̅?)                            (12) 
being ∇̅ × ?̅? = 0 for the Gauss theorem38-39. Then, 𝑓?̅?can be expressed as: 
∇̅ ⋅ 𝑇?̿? = 𝑓?̅? = (∇̅ ∙ ?̅?)?̅?                                      (13) 
where ?̅? is the charge displacement. Therefore, 𝑓𝑒,𝑘̅̅ ̅̅̅ is given by: 
𝑓𝑒,𝑘̅̅ ̅̅̅ = 𝑓?̅? + 𝑓?̅? =
1
2
(𝜀 − 𝜀0)∇̅(?̅? ∙ ?̅?) + (∇̅ ∙ ?̅?)?̅?                (14) 
Alternatively, the Korteweg-Helmholtz approach starts by the evaluation of 
electrostatic energy density 𝑊𝐸 of a dielectric material, subjected to an electric 
field, and reaches the same results in terms of 𝑓?̅?
36,40-41
. More precisely, the 
electric force density of Korteweg-Helmholtz 𝑓𝑒,𝑘ℎ̅̅ ̅̅ ̅̅  differs from 𝑓𝑒,𝑘̅̅ ̅̅̅ for a 
quantity: 
𝑓𝑒,𝑘ℎ̅̅ ̅̅ ̅̅ − 𝑓𝑒,𝑘̅̅ ̅̅̅ = −∇ [
1
2
(𝜀 − 𝜀0)?̅?
2 −
1
2
𝜌 (
𝜕𝜀
𝜕𝜌
)
𝑇
?̅?2]                (15) 
However, the term reported in Eq. 14 is associated to the electrostriction force, 
which is supposed to be negligible, then 𝑓𝑒,𝑘ℎ̅̅ ̅̅ ̅̅ ≈ 𝑓𝑒,𝑘̅̅ ̅̅̅ ≡ 𝑓?̅?
36,41
. Being 𝐹?̅? the total 
electric force acting on a volume V,it is linked to 𝑓?̅? by: 
𝐹?̅? = ∭ 𝑓?̅?
 
𝑉
𝑑𝑉=∭ (∇̅ ⋅ ?̿?)
 
𝑉
𝑑𝑉                              (16) 
 
1.2.3 Equilibrium condition 
Eq. 14 can be simplified considering the normal electrostatic component
37
 and, 
applying Eq. 16, is possible to obtain an equation for 𝐹?̅? suitable to compare to 𝐹𝛾 
in Eq. 9. 
𝛾
cot 𝛼
𝑟
=
1
2
𝜀0𝐸𝑧
2                                           (17) 
where 𝐸𝑧 is the normal component of the electric field. Starting from the first two 
Maxwell’s laws, ?̅? is linked to an electric potential φ: 
{
∇̅ × ?̅? = 0
 
⇒ ?̅? = −∇̅𝜑
∇̅ ⋅ ?̅? =
𝜌
𝜀0
 
⇒ ∇2𝜑 = −
𝜌
𝜀0
                      (18) 
where ρ is the density. In a cone with equipotential surface, 
∇2𝜑 = 0                                                (19) 
A generic solution of Eq. 17 is given by: 
𝜑 = 𝑘?̃?√𝑟 cos 𝛼                                          (20) 
where ?̃? is the Legendre function and k is a constant. The equilibrium is reached 
when ?̃? is zero and this condition is achieved for 𝛼 = 49.3°. This value is the 
same empirically deduced by Taylor
33
. Nevertheless, this result assumes that 
14 
 
there are no charges on the cone axis: that means the right solution is an angle 
slightly smaller
42
. 
 
1.3     Pyro-EHD effect 
If the electric field that activates the EHD phenomenon is generated by a 
pyroelectric crystal, the combined effect is defined as pyro-electro-hydro-
dynamics (pyro-EHD)
43-50
. The possibility of manipulating liquids or polymeric 
solutions exploiting pyro-EHD effect, without the use of electrodes, is 
investigated in the following sections. In this work, two different techniques that 
exploit the pyro-EHD effect have been used: the first one is based on the 
dispensing of micro- and nano-drops or micro-fibers, produced by a polymeric 
(eventually polymeric solution) reservoir placed at a certain distance from a 
pyroelectric crystal
43,45-47,50
; the second one consists on the self-assembling of 
polymeric micro-optical devices onto a micro-engineered lithium niobate LN
44,48-
50
. The dispensing is guided by the pyroelectric field that induces a charge 
displacement on the liquid surface; the reservoir drop turns into a Taylor’s cone 
shape, until the attractive (or repulsive) force exerted toward the crystal gets start 
the dispensing of drops or fibers, in order to produce drops arrays or patterns. The 
self-assembling depends on the pattern impressed onto a LN crystal through a 
poling treatment. The field lines generated by this crystal induce the polymer to 
occupy precise positions onto the crystal. 
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CHAPTER 2 
 
 
 
POLYMERIC MICRO-LENSES 
OBTAINED BY PYRO-EHD 
EFFECT 
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2.1    Micro-lenses applications and conventional 
fabrication 
 
2.1.1 Overview and soft lithography 
Micro-lenses and micro-lens arrays are assuming an increasingly important role 
in optical devices and communication systems. They become key components of 
many optical devices, being useful for the imaging of very small structures. In 
response to their extended use in different fields of technology, a great emphasis 
is being placed on research into simple manufacturing approaches for these 
micro-optical components as well as on the characterization of their performance. 
Currently, in industrial applications, micro-lenses are used in a large range of 
fields, like laser printers
1
 or communication systems
2
, and can also be useful in 
the fabrication of electronic devices
3
, such as three-dimensional (3-D) displays
4
, 
optical data storage
5
, solar cells
6
, photodetectors
7
, and for biological components. 
Numerous classes of micro-lenses exist, depending on the embedding technology 
and the specific applications
8
. An interesting property of micro-lenses consists of 
the possibility of tuning their focal length. In fact, many procedures have been 
applied for the assembly of arrayed tunable micro-lenses with a variety of 
materials
7
. The geometrical properties and the focal length of the lens array are 
easily modulated by controlling appropriate experimental parameters. In a general 
way, micro-lenses with variable focal length can be generated by actuation of 
liquid crystals or other liquids through electro-wetting (EW), electrophoresis, or 
hydrodynamic pressure
7
. However, in recent years, there is great interest in 
obtaining micro-lenses made of polymeric material, which makes their use very 
comfortable. In fact, polymer properties allow easy manipulation of the material, 
making it possible to use a large range of techniques for the fabrication of optical 
micro-lenses. Several techniques have been developed to make micro-lenses, 
using many materials and trying to keep production costs low, in order to support 
their spread and improve their properties. It is possible to realize structures of 
variable dimensions, from millimeters to micrometers. Some of these techniques 
are included in the soft lithography approach, based on the use of soft materials 
(polymers) to realize patterns of lenses on an opportune substrate (generally made 
of another soft material). Through soft lithography, it is possible to realize micro- 
and nano-structures with great precision. For example, the steps required to 
obtain a polydimethylsiloxane (PDMS, (C2H6OSi)n) stamp starting from a silicon 
(Si) substrate are explained in Fig. 2.1. 
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Figure 2.1. Steps to realize a PDMS stamp starting from a Si substrate
2
. 
 
First of all, the pattern transfer consists of the fabrication of a patterned master, 
through a deposition of a photoresist layer on a substrate. Once the pattern master 
is obtained, a pre-polymer is poured on the master, then molded to generate the 
stamp; therefore, it is made of the pre-polymer, which becomes rigid when it 
cures
9
. Other techniques based on the use of polymers are contact printing
10-11
, 
replica molding
12-13
, and imprinting (embossing)
14-15
. Keeping a suitable contact 
between the substrate and the mold, contact printing became an efficient and 
simple method for pattern transfer
16
. In fact, once the stamp is made, it is possible 
to create more samples that follow the pattern. Other advantages of this technique 
are the possibility to make an additive process, with a low waste of material and 
to design a pattern with a large area. Contact printing is particularly indicated for 
two-dimensional (2-D) structures
10
. Regarding micro-lenses, this technique is 
particularly adopted for the realization of the mold that is used for the stamp of 
the lenses
12
. Replica molding
10,12-13
 is so called because it is able to replicate one 
or more characteristics of the master, also in the case of 3-D structures in a 
nanometer resolution. Physics parameters that regulate the accuracy of a replica 
are wetting, Van Der Waals forces, and kinetic factors, like the filling of the 
mold
10
. Embossing is a technique that uses thermoplastic materials and imprints 
micro-structures in them. This technique has great potential to make features as 
small as 25 nm in silicon
14
. Some examples of this kind of fabrication are hot 
embossing
15
, extrusion rolling embossing
17
, gas-assisted ultraviolet (UV) 
embossing
18
 and electromagnetic force-assisted UV imprinting
19
; all these works 
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demonstrate that embossing is a good way to fabricate micro-lenses. 
Nevertheless, some of the methods described are expensive or require the use of 
clean-room facilities, reducing the selection of suitable materials
7
. Among these 
techniques, replica molding is probably the best: using a cured PDMS stamp and, 
eventually, a substrate, the polymer in liquid form is deposited over the stamp and 
acquires the shape of the negative of the mold. The great advantage is related to 
the mold: if it is suitably opportunely fabricated and dimensioned, an array of 
micro-lenses can be built with a single molding. An example is shown in Fig. 2.2 
and consists of the fabrication of lenses using a polycarbonate (PC) substrate and 
a poly-metylmethacrylate (PMMA) solution deposited in the PDMS mold
12
. 
Starting from a PC substrate [Fig. 2.2(a)], a PMMA film is spin-coated on it, as 
shown in Fig. 2.2(b). Once the PMMA is cured, the PDMS is cast onto the 
PMMA film and another substrate (glass or plastic) is used to cover the system, 
as shown in Fig. 2.2(c). Once the PDMS is also cured, it can be easily stripped 
from the PMMA, allowing the micro-lens array
12
 to be obtained, as shown in Fig. 
2.2(d). 
 
 
Figure 2.2. Fabrication of micro-lenses using a PC substrate (a) coated by a first 
layer of PMMA (b) and a second one of PDMS (c) in order to create a mold of 
micro-lenses (d)
12
. 
 
The lenses obtained, following the profile of the mold, can be defined as convex, 
but it is also possible to design lenses through a different mold profile to create a 
concave array
14
, as shown in Fig. 2.3. 
23 
 
 
Figure 2.3. Fabrication of PMMA micro-lenses using a PDMS convex (c) and 
concave (d) mold, starting from a PC substrate
14
. 
 
Another option to make micro-lenses is through a replica molding that uses 
capillaries (also called micro-molding in capillaries). It exploits the viscoelastic 
properties of a polymer solution that, placed in a set of channels shaped from the 
PDMS mold, through capillary forces, can slide into the channels and acquire the 
shape marked by the mold
10,20
. Otherwise, micro-transfer molding exploits a 
system where the PDMS mold is in contact with a substrate and the pre-polymer 
is deposited between them: micro-lenses are obtained by eventually removing the 
excess polymer and heating the system to cure the polymer
21
. 
 
2.1.2 Electric field based techniques 
Very recently, various techniques have been presented and tested for the 
fabrication of micro-lenses. These techniques exploit electric fields and are 
focused on two phenomena: EW
15
 and EHD
22-26
. EW is based on the study of the 
contact angle between a liquid and a substrate when an external electric field is 
applied
27
. The phenomenon can be also described through the interaction between 
two immiscible liquids and their behavior related to the forces applied by electric 
fields. The dynamic conditions of the system allow the evolution and the 
interaction between the liquids to be controlled, in turn controlling the meniscus’ 
shape, forming lenses
28
 and tuning their optical properties
29
. In fact, one of the 
biggest advantages of micro-lenses is the possibility to change the focus, 
modifying their shape by simply intervening on the radius of curvature
30-31
. An 
application of EW for the fabrication of micro-lenses is through the use of 
polymers that are reactive to UV rays
32
. The EHD, which has been already 
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discussed in Chapter 1, includes all the interactions between two electrodes and a 
dielectric fluid placed between them that are due to an electric field generated by 
the two electrodes. The nature of the material allows manipulation by the action 
of the electric field; a non-uniform electric field applied on a dielectric particle 
generates the di-electro-phoretic (DEP) effect, and it is possible to fabricate 
micro-lenses through this phenomenon
33-35
. It is also possible to fabricate micro-
lenses combining a soft lithography technique with EHD: e.g., through hot 
embossing to generate a polymer micro-pillar array and successive EHD 
reflowing to create a bifocal micro-lens array
23
. In this category, some systems 
based on ink-jet printing can be included (see Sections 2.2 and 2.3). A chance to 
use the electric fields is based on the use of pyro-electrical materials that show an 
electric answer under a thermic gradient and vice versa through EW
36-38
 or 
exploiting EHD
24
. In particular, the combination between pyro-electric effect and 
EHD will be treated in the following and constitutes the center of this work. The 
attention will be mainly focused on an ink-jet printing approach, based on an on-
demand printing of lenses with high resolution, and, on the other hand, on 
polymer molding and self-assembling for micro-lens arrays. 
 
 
2.2     Pyro-Ink-Jet printing of micro-lenses 
 
2.2.1 Ink-Jet printing: overview 
An ink-jet printer makes use of tiny ink droplets to facilitate direct printing 
without the device coming into contact with the printed surface. Because of this 
technology enables non-contact printing, it can be applied to all kinds of 
materials
25-26,40-41
 and it is now being introduced for use in a wide range of fields 
ranging from general purpose to industrial. Ink-jet printing has arisen from 
Rayleigh’s idea, but only in 1951 this method was more widely adopted39. Ink-jet 
printing is divided into two categories: continuous and drop-on-demand. In 
particular, drop-on-demand could be activated through thermal [Fig. 2.4(a)], 
piezoelectric [Fig. 2.4(b)], acoustic [Fig. 2.4(c)], electrostatic [for instance, EHD 
(as depicted in Fig. 2.5)], and, very recently, pyro-EHD effects. 
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Figure 2.4. Drop-on-demand thermal ink-jet printer (a); piezo ink-jet printing 
system (b); acoustic printing (c)
39
. 
 
 
Figure 2.5. EHD ink-jet printer (single or multi-head). 
 
The development of the thermal ink-jet printer was inspired by the natural 
process of water boiling to form water bubbles
39-41
. In this technology, the ink in 
a suitable chamber is rapidly heated to a high temperature to vaporize. The 
vaporization promptly creates a bubble at the surface of a heater (resistor), 
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causing a pressure pulse to push the ink droplets out through the nozzle. As the 
ink droplets are ejected, the vapor bubble collapses, which generates a force to 
refill the ink
39-40
. The piezoelectric ink-jet exploits the inverse piezoelectric effect 
to work. The piezo-ceramic plate deforms in response to an electric impulse. This 
generates a pressure wave that causes the ink to be ejected from the nozzle. On 
the removal of the electric pulse, the ink is refilled as the piezo-ceramic plate 
returns to its normal shape
39
. In the acoustic printing, high-intensity sound beams 
can be used for ejecting droplets from a free liquid surface. This process is 
capable of producing drops as small as a few microns without the need for 
nozzles. A burst of acoustic energy focused to a diffraction-limited spot at a 
liquid surface can result in droplet ejection from the surface. This printer is made 
up of a piezoelectric transducer, an acoustic lens, and ink. When the piezoelectric 
transducer is excited, it makes sound waves toward the ink surface via an acoustic 
lens. The impact of the sound burst will cause a mound of liquid to rise from the 
surface due to the radiation pressure of the acoustic waves. If the energy of the 
incident sound beam is high enough, Rayleigh-Taylor instability will cause the 
top of the mound to neck down until a droplet breaks free. The droplet is expelled 
away from the surface at a velocity of several meters per second. After ejection, 
the surface relaxes as capillary waves generated near the mound propagate 
radially outward. Ejection droplets have been found to be very stable in size, 
velocity and directionality
42
. Moreover, between the techniques proposed, the 
setup used in the EHD printing method shown in Fig. 2.5 furnishes a flexible way 
to handle liquid and polymeric material on the micrometer and nanometer scale. 
This method allows manipulation of the liquid and polymeric materials by a non-
uniform electric field
43-47
. In an electric field, an electric charge is induced on the 
surface of the meniscus of the ink and electrical stress stretches the meniscus 
toward the direction of the field, drawing the meniscus of the liquid into a sharp 
cone from which charged liquid droplets are ejected when the electrostatic force 
exceeds the surface tension
40,43,46,48-49
. Between the types of EHD printing 
systems, there is also the EHD droplet ejection, based on the spray phenomenon. 
The EHD spray phenomenon (known as electrospray), shown in Fig. 2.6, is 
mainly focused on the liquid atomization mode. 
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Figure 2.6. EHD spray phenomenon. 
 
However, each of these techniques offers advantages and disadvantages. For 
example, thermal ink-jet printers are a low-cost option for printing at a fast speed 
with a high-quality finish. They can print on a wide variety of surfaces, including 
regular and specialty papers, plastics, metals and cartons. Most of these printers 
are simple to use and require no training or practice. But, in industrial 
applications, there are many problems with the high operation temperature. The 
thermal bubble, for instance, can be inclined to problems from the high operation 
temperature. As an alternative to thermal ink-jet printer, currently, the common 
use is a piezoelectric ink-jet printer. The piezoelectric print head, however, 
cannot vary the size of droplets produced by a single nozzle; there is also a limit 
in terms of the nozzle dimensions for high-resolution patterns, as the size of the 
droplet is proportional to the size of the nozzle
39-40
. Furthermore, reducing the 
nozzle size to create micro-droplets requires a reduction in the size of the 
piezoelectric device, leaving it unable to create sufficient force to eject the 
droplets. Moreover, there are many limitations related to the use of the ink 
because the pressure caused from the vibration of the piezoelectric device is 
insufficient to eject highly viscous ink
40 
and the cost of the piezoelectric print 
head and of the associated software (that directs the head to apply certain droplets 
of ink per dot) is considerable
39
. EHD ink-jet printing is, instead, a one-direct 
printing technology that overcomes the drawbacks of conventional piezoelectric 
ink-jet printing, which includes the use of highly viscous ink and nozzle-clogging 
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problems. The most attractive advantage is that EHD printing technology 
generates a droplet much smaller than the nozzle size so that high-resolution 
printing is possible
25,44
. 
 
2.2.2 Pyro-EHD printing 
 
2.2.2.1 Pyro-EHD printing working principle 
As already said, the EHD printing system requires a high voltage supplier and 
exploits a non-uniform electric field to move a liquid or polymer material from 
the nozzle to the target substrate
43,45,47
. This configuration involves the choice of a 
low viscous liquid (to not obstruct the nozzle) and restricts the distance between 
the electrode and the counter electrode (about hundreds of microns), in order to 
achieve high accuracy
46
. The closest consequence is the limitation in placing a 
substrate between the nozzle and the electrode, making very difficult the direct 
printing on devices having millimetric thickness (such as commercial 
microfluidic channels). In order to evolve the system, the research has moved 
toward the overcoming of the nozzle limitations
50
. Pyro-EHD printing is a 
technique which does not employ nozzle, exploiting a liquid drop reservoir which 
is deformed, due to EHD effect, activated by a pyroelectric field
8,26,51
. More 
specifically, local pyroelectric forces, activated by scanning a thermal source over 
an LN substrate, draw liquid droplets from the reservoir and deposit them on a 
target substrate
26
. Moreover, this process does not require complicated electrodes 
or a high-voltage circuit to work and allows to use polymers having a wide range 
of viscosity. This method is a simple way to draw attolitre liquid droplets with 
high spatial resolution. One of the materials that could be used for the activation 
of the EHD effect is the pyroelectric LN. In general, the experimental setup of 
EHD printing is made up of three elements, essentially: a starting drop, a 
substrate that intercepts the dispensed drops on demand and a source of electric 
field. As shown in Fig. 2.7(b), the system is simplified with respect to the 
conventional ink-jet apparatus [Fig. 2.7(a)] and could be mounted in a dynamic 
[Fig. 2.7(c)] or static [Fig. 2.7(d)] configuration. 
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Figure 2.7. Generic setup (a); pyro-EHD setup (b); dynamic configuration (c); 
static configuration (d). 
 
In both cases, the upper plate is constituted, e.g., of a microscope coverslip used 
as receiving substrate, placed on a three-axis translation stage, while the LN 
crystal drives the process. In the static configuration, the collector is fixed in 
space so that the reservoir drop can dispense multiple jetting in the same position, 
increasing the dimension in terms of volume and the geometric characteristics of 
the deposited droplet. On the other hand, a more interesting configuration is 
related to the continuous printing of separate droplets controlling the movement 
of the target substrate with high-precision motorized positioners. The distance 
between the two plates is set on the scale of hundreds of microns depending on 
the investigated base drop
8,26,51-52
. It is well known that for a fixed drop volume, a 
critical value DC can be defined for the distance D between the base and the 
substrate, according to the following expression: 
𝐷𝐶 = (1 +
𝜗
4
) 𝑉
1
3                                                (21) 
where 𝜗 is the contact angle and V is the volume of the drop reservoir. A stable 
liquid bridge is established when D < DC. The most relevant case here refers to D 
> DC, when an unstable liquid streaming regime occurs. We use such an 
instability to break up the liquid reservoir and to dispense droplets
8,26
. A video 
camera is used to monitor the printing process; the light coming from a 
collimated LED light source (Thorlabs M470L2) illuminates the cross-section of 
the dispensing system, thus is collected by a 10× microscope objective and, 
finally, projected onto a CMOS camera (Motion ProY3-S1).  
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2.2.2.2 Micro-lenses fabrication through pyro-ink-jet printing 
The fabrication of micro-lenses with pyro-EHD could be accomplished in various 
ways: by the spontaneous breakdown of an unstable matter bridge created 
through the pyro-EHD effect
8
; with a dispensing process
26,52
. The spontaneous 
breakdown of an unstable polymer bridge can be explained in this way: for a 
fixed volume drop [Fig. 2.8(a)], when the stable liquid bridge is formed [Fig. 
2.8(b)], it is possible to separate the plates at a certain distance and obtain the 
micro-lenses, as shown in Fig. 2.8(c). 
 
Figure 2.8. Scheme of the printing system (a) consisting of a LN plate, a heat 
source, and a drop reservoir, formation of the pyro-polymer bridge of the polymer 
micro-lens (b) and the translating target substrate (c)
8
. 
 
As disclosed, if the distance d > DC, it is possible to create lenses by the 
dispensing process. A pointwise thermal stimulus is applied to the LN crystal to 
induce the pyro-electric effect locally. At equilibrium, spontaneous polarization 
PS of the LN crystal is fully compensated by the external screening charge and no 
electric field exists. The electric field exerts an attractive force on the liquid and, 
when sufficiently strong, deforms the liquid into a conical tip from which a thin 
liquid jet is released
26,51
. This liquid jet is intercepted by a target substrate (Fig. 
2.9), and micro-lenses are generated.  
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Figure 2.9. Dispensing nano-liter droplets for liquid patterning (a): liquid is 
dispensed onto a translating substrate inserted between the LN and the glass plate. 
Side view of the typical printing functionality (b)
26
. 
 
2.2.2.3 LN stimulation by CB-layer 
A chance to extend the electric field area is the use of a carbon black (CB) layer; 
in fact, this layer allows one to obtain a uniform heating upon the LN crystal. The 
use of a CB-layer reduces the recombination of the temporary surface charges 
and decreases the heat transfer from the crystal to the air, thus increasing the 
temperature gradient and improving the pyroelectric efficiency
52
. The fabrication 
process used to produce a nano-composite coating to be applied on the surface of 
LN crystals is shown in Fig. 2.10. 
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Figure 2.10. Schematic diagram of the CB deposition process
51
. 
 
The method consists of the preparation of a PDMS/CB film on polyvinyl alcohol 
(PVA)-coated glass substrate, followed by its peeling from the substrate and by 
the subsequent application of the resulting PDMS/CB membrane directly at a 
later stage to the crystal. In detail, the glass substrate, a microscope coverslip, is 
functionalized by spin-coating a PVA solution (2.8% in water) at 2000 rpm for 2 
min. This step is repeated four times to produce a film thick enough to allow the 
easy peeling of the membrane [Fig. 2.10(a)]. Then, a CB suspension is prepared 
in PDMS [Fig. 2.10(b)] by adding 0.02 g of CB (graphitized CB-carbon nano-
powder, size <200 nm, >99.95%) in 0.5 g of PDMS curing agent (Dow Corning 
Sylgard 184; 10:1 pre-polymer to curing agent) and sonicating it for 2 h. A drop 
of the suspension obtained after adding the elastomeric base to the solution is 
finally deposited on the top of the PVA-coated coverslip and cured at room 
temperature for 12 h. Once the CB membrane is peeled off the coverslip [Fig. 
2.10(c)], it is set down on the crystal [Fig. 2.10(d)]. An illustration of the setup 
integrated with the CB-layer is reported in Fig. 2.11. 
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Figure 2.11. Pyro-EHD setup using the halogen lamp as the heating source
52
. 
 
Depending on the material of the starting reservoir drop, the dynamic and jetting 
evolution could be different. The geometry of electric field lines, as shown in Fig. 
2.12, plays a fundamental role in the process: the plots of electric field lines for 
localized heating and for uniform heating with a CB-layer are shown in Fig. 
2.12(a) and 2.12(b), respectively. 
 
 
Figure 2.12. Images of the PDMS-based reservoir drop deformation obtained by 
standard pyro-effect configuration (a) and innovative pyro-effect configuration 
employing a CB coating (b). In case (a), the starting polymer drop assumes the 
shape of a liquid bridge and experiences both normal and tangential components 
of the stress tensor while introducing a CB coating; (b) the pyro-effect is 
enhanced so that the polymer drop deforms into a sharp and elongated printing 
cone under the action of the tangential components
52
. 
 
It can be noted that when a CB layer is used, the electric field is very uniform 
over a large area, thus affecting the geometry of the dispensing process. The 
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thickness of the CB-layer is about 200 μm; this value is the result of an easy 
method of preparation and peeling of a uniform CB membrane balanced with the 
radiation absorption value for the activation of the pyroelectric effect. As 
explained in Chapter 1, the EHD force generated at the air-polymer interface can 
be represented by a stress tensor, with normal and tangential components. In Fig. 
2.12(a), under the influence of the pyroelectric field, the air-polymer interface 
moves dynamically, while in the case of Fig. 2.12(b) it appears uniform and 
experiences a stress tensor with a single component. In this case, once the 
pyroelectric field is applied, the top polymer surface moves progressively upward 
with a spatially non-uniform geometry; the elongated cone experiences a greater 
EHD force over a small distance, thus leading to the activation of the upper 
surface and to the formation of a thin polymer tip. The electric field generated by 
the LN crystal is able to exert hydrodynamic pressure on the reservoir liquid, 
leading to the formation of a bridge or a conical tip that is a similar to the 
Taylor’s cone26,53. The materials tested and used to make micro-lenses are 
PMMA and PDMS with different viscosities (PDMS: 3500 cps, PMMA: 560 
cps). 200 mg/mL of PMMA (MW = 120000 amu) are dissolved in N-Methyl-2-
pyrrolidone (NMP), while PDMS is used without any additional solvents. PMMA 
and PDMS are chosen for their good optical and mechanical properties and the 
lenses are fabricated onto a highly hydrophobic substrate made from a tetraethyl 
orthosilicate 1H,1H,2H,2H-perfluorodecyltriethoxysilane (TEOS/PFTEOS) film, 
deposited on a glass substrate. The substrate is prepared as described in the 
following procedure: a commercial glass (Corning Eagle 2000) is used as the 
substrate and cleaned by a standard procedure, applying in sequence sonication 
with detergent in boiling water for 2 h, acetone and isopropyl alcohol and drying 
under nitrogen flow. A sol-gel solution is prepared by mixing TEOS, PFTEOS, 
ethanol, deionized water, and concentrated hydrochloric acid (HCl). Before 
deposition, this solution is diluted with fluoro-propanol and then filtered. The use 
of fluoro-propanol is aimed at enhancing the wetting of the solution-substrate 
system so as to improve adhesion. The solution prepared is spin-coated (1000 
rpm for 30 s) by means of a Brewer Science Model 100 spin-coater, successively 
baked on a hot plate at 100°C for 30 min to remove residual solvent and 
gradually heated from 110°C to 150°C for thermal curing. Finally, the film is 
kept in an oven at 150°C for one night. The thickness of the TEOS/PFTEOS film 
is 280 nm and the contact angle exceeded 100 deg
54
. Once the lenses are 
fabricated on the target of interest, the substrate is placed onto a hot plate at 
100°C for 15 min and at 150°C for 15 min, thus inducing rapid heating of the 
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sample. The subsequent sudden cooling solidifies the PDMS lenses that are 
therefore ready for being characterized
55
. 
 
2.2.3 Forward Pyro-EHD printing configuration 
The flexibility of EHD printing systems is one of the principal turning points in 
the research on this field. Pyro-ink-jet printing overcomes some limitations, as 
reported in Section 2.2.2.1. However, the geometrical configuration of pyro-ink-
jet printer constrains to put the target substrate between the drop reservoir and the 
pyroelectric crystal. This necessity is the same in classical EHD printing 
configuration, wherein the target substrate is placed between the nozzle and an 
electrode. That causes limitations in terms of geometrical characteristics of the 
target substrate, making more complex the direct dispensing or the 
functionalization of devices. Laser-induced forward transfer (LIFT) offers a good 
solution, but the system is very complex
56-57
. Forward pyro-ink-jet printing 
configuration works by placing the reservoir drop in contact with the pyroelectric 
crystal and the dispensing exploits the repulsive forces generated by the 
interaction between the liquid surface charge accumulation and the electric 
field
58
. In Fig 2.13 is showed the evolution of the EHD printer setup, from the 
classic EHD printer, to EHD conical tip dispenser, classic pyro-EHD printer 
configuration and forward pyro-EHD printer. 
 
Figure 2.13. EHD ink-jet printers: evolution of the setup. Classic EHD setup has 
nozzle and electrodes; these limitations are progressively overcome with pyro-
EHD printers. 
 
In this way, with forward pyro-EHD dispenser, the limit imposed by the target 
substrate thickness is completely overcome (Fig. 2.13). This setup allows the 
printing of liquid shots with high resolution, independently by the distance 
between the starting drop and the receiving substrate. The dispensing quality is 
also independent from the chemical nature of the substrate and the kind of 
material chosen for printing. In the next section, a published paper based on the 
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forward pyro-EHD technique is reported. Printed micro-structures realization and 
characterization is showed and, moreover, the flexibility of the setup is 
demonstrated, functionalizing a commercial micro-fluidic device.  
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2.3      Paper: “Direct Fabrication of Polymer 
Micro-lens Array” 
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2.3.1 Abstract 
In order to break the rigidity of classic lithographic techniques, a flexible pyro-
EHD ink-jet printing is presented. In particular, here is showed a method able to 
manipulate highly viscous polymers, usable for optical integrated devices. The 
system proposed reaches spatial resolution up to the nano-scale and can print, for 
instance, nano-particles and high viscous polymer solutions. This technique 
allows writing patterns directly onto a substrate of interest in 2D or in 3D 
configuration and is studied in order to overcome limitations in terms of type of 
materials, geometry and thickness of the substrate. In the present work, we show 
the potential of pyro-EHD printing in fields as optics and micro-fluidics. A 
micro-channel chip is functionalized with a PDMS-made micro-lenses array, 
directly printed on the chip. The geometric properties and the quality of the lenses 
are evaluated by a Digital Holography (DH) analysis. 
 
 
2.3.2 Introduction 
Polymer-made micro-structures are useful for a large number of applications 
ranging from the integral imaging for 3D displays and optical communication, to 
OLEDs and high-resolution imaging
13,59
. A great variety of techniques answers to 
the necessity to manufacture these micro-optical components and to characterize 
their performances. Between them, as already said, there are hot embossing, soft 
replica molding, rapid laser-based patterning, ink-jet printing, and UV-
nanoimprint lithography. Anyway, some of these methods have limitations: they 
could be expensive, require the use of clean-room facilities or highly trained staff 
with a limited selection of suitable materials. One of the most used structures in 
optical applications are micro-lenses
13,59
. A micro-lenses property that raises 
enormous interest would be the tunability of their focal length
54
. Therefore, in 
order to varying geometric and optical characteristics of the micro-lenses, such as 
their tunability, many procedures have been developed. For instance, swellable 
polymer micro-lenses, upon exposure to solvents, create a tunable range of focal 
lengths, or also the generation of micro-lenses by virtue of the photo-
polymerization, wherein the employment of a surfactant has broadened the range 
of substrates for the micro-lens formation. Recently, exploiting EHD 
phenomenon to manipulate polymeric solutions, new direct methods have been 
proposed for the micro-lenses arrays fabrication
8,26,60
. Here, we present a simple 
multiscale process able to fabricate micro-lenses arrays, using the pyro-electric 
effect activated onto a Lithium Niobate (LN) crystal and high viscous polymer 
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materials
58
. Specifically, this method is driven by the pyro-electric field, activing 
the EHD pressure through the application of a temperature gradient. This 
technique, known as pyro-EHD inkjet printing, guarantees high resolution in 
terms of microns, representing a competitor with conventional soft lithography 
techniques. Micro-lenses produced here have a diameter dimension in a range 
between 25 and 500 μm and have high degree of uniformity. Additionally, pyro-
EHD printing allows to write directly onto a substrate of interest. In this work, a 
micro-lenses array has been printed and characterized onto a micro-fluidic chip. 
In particular, the micro-lenses optical behavior is studied in terms of the optical 
aberrations, intrinsically present in a lens as an optical tool, by digital holographic 
microscopy (DHM). 
 
2.3.3 Pyro-EHD printing: setup evolution 
In Chapter 1 it has been explained that pyro-electricity is the property of certain 
materials to generate an electric potential onto their surfaces
26,50,61
. In this work, a 
LN (zcut and 500μm thick) crystal is used and a thermal stimulus produces a 
pyro-electric field onto its surfaces. In LN this effect is due to the movement of 
the lithium and niobium ions relative to the oxygen layers
62-63
. Furthermore, if 
that field is quite strong, it can generate forces able to induce an instability into 
fluids and polymer films
64-65
. Recently, we developed a pyro-EHD printing 
system free from nozzles and electrodes based on pyro-electric effect
64
. In Fig. 
2.14 is represented the set-up realized for classic pyro-EHD printing. 
 
 
Figure 2.14. Classic Pyro-EHD setup configuration where the maximum distance 
between drop and receiving-substrate is 2-3 mm. 
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There are three macro-systems composing that setup: a heating system, a moving 
stage system and a monitoring system. The heating source is in contact with an 
auxiliary plate of LN wafer. The liquid reservoir is arranged on a glass substrate 
in front of a second glass substrate, representing the receiver-substrate mounted 
onto a three axes translation stage, in contact with the LN crystal and on the same 
line of the heating source. The moving stage system is made up of a high 
precision linear motor, with an X-Y axis (SGSP26-100(XY) SIGMA KOKI CO., 
LTD.) and a digital motion controller (SIGMA KOKI CO., LTD.). Through this 
system, a speed of 30 mm/s is achievable. The monitoring system consists of a 
highly-sensitive and fast camera (uEye, USB 3.0, a resolution of 2048 x 2048 
pixels), an optical zoom lens and a blue LED light source (Thorlabs M470L3, 
wavelength of 470 nm and beam power of about 650 mW). This last system is 
used in order to monitor the cone-jet mode and jetting status. The major 
limitation of this configuration was the restriction of the distance between the 
droplet and the LN crystal: liquid reservoir could not be so far from the crystal, 
i.e. the pyro-electric field. Inducing a consequent limitation on thicknesses and 
geometric constrain of the receiving substrate. The problem of the distance is 
exceeded in the novel configuration proposed in this paper: the novelty consists 
in the placement of the receiving substrate now in front of the drop reservoir and 
of the crystal (Fig. 2.15).  
 
 
Figure 2.15. Novel Forward Pyro-EHD configuration where the maximum 
distance is limitless. 
 
Comparing Fig. 2.14 and Fig. 2.15, is clear that the difference between the two 
configurations is in the placement of the liquid reservoir that is now in contact or 
in proximity of the LN. The receiver-substrate is in front of the liquid reservoir 
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and the LN crystal. Specifically, the liquid drop is mounted onto a polymeric 
base, previously realized, in order to improve the uniformity of the drop. This 
base is in contact with a glass substrate. The LN crystal is locally heated, in 
particular in the area where the placed liquid drop is in contact with the crystal. 
Once the field is activated, it polarizes the fluid, exerting a repulsive force on the 
drop and, when it is strong enough, deforms the liquid into a conical tip (Taylor’s 
cone)
26,53.66-67
. The drop releases micro-droplets, used for direct printing onto the 
moving substrate. The great advantage of this technique consists in the possibility 
of direct writing micro-drops onto a device, used as the receiving-substrate. In 
fact, pyro-EHD printing allows to realize high resolution samples, keeping good 
precision during the printing process, fine spatial resolution onto a very large 
could be obtained. Moreover, several kinds of inks could be used through pyro-
EHD printing. 3D structures directly printed onto devices of interests have 
applications, for example, in micro-optic technology. Optical micro-lenses are 
actually incorporated into commercial systems and scientific fields, such as 
optoelectronics, photonics and imaging process
53-54,67
. 
 
2.3.4 3D PDMS micro-lenses onto micro-fluidic chip 
The integration of polymeric micro-lenses onto a commercial microfluidic 
PMMA-made channel (ChipShop GmbH) is the object of the work. Pyro-EHD 
printing is a key to develop integrated lab-on-a-chip (LoC) devices: this technique 
is able to fabricate micro-lenses, guaranteeing high chemical compatibility, good 
optical characteristics and flexibility in the design of the realized devices. PDMS 
(Dow Corning Sylgard 184, 10:1 mixing ratio, base to curing agent Midland; η = 
3900 cP, εp = 2.65 from datasheet) is the polymer chosen for the fabrication of 
micro-lenses, being very powerful in optical applications. Moreover, in order to 
deposit PDMS onto the PMMA substrate, PDMS high adhesion and rapid curing 
make it an excellent candidate for this application. A fluorosilane agent 
(Fluorolink S10, Solvay Solexis) is used to modify the substrate wettability; in 
this way, the control on the geometrical features of the micro-lenses is improved. 
The contact angle between PDMS and fluorosilane-covered PMMA is   ̴ 40°. 
Moreover, the antireflection properties of fluorosilane guarantee good optical 
properties for the final realized device. Furthermore, fluorosilane have good 
chemical resistance and endures abrasion. Fluorosilane preparation follows the 
producer’s procedure: the mixture consists of 98.8 wt% of isopropyl alcohol, 0.2 
wt% of acetic acid (used to start the catalysis in the reaction), 0.8 wt% of 
deionized water and 0.2 wt% of Fluorolink S10. The reaction is complete in one 
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day. In order to improve the link between the fluorosilane agent and the PMMA 
substrate, a O2 plasma treatment (made through Femto System, Diener Electronic 
GmbH & Co. KG, Ebhausen, Germany) is done on the channel. This treatment 
“actives” PMMA surface, increasing its chemical reactivity. Moreover, plasma 
treatment is also used to clean the substrate. The reaction between PMMA and 
the fluorosilane is completed after 1 h; in fact, the sample needs 30 minutes to 
complete the hydrolysis of siloxane groups and, then, it is heated at T = 80 °C for 
30 minutes, in order to cure the material. Micro-lenses fabrication is done using 
the forward Pyro-EHD printing configuration, showed in Fig. 2.15. First of all, a 
PDMS drop, used as a reservoir, is deposited on a polymer pillar in proximity 
with the LN crystal. Once the heating source induces the temperature gradient 
onto the LN, the PDMS drop starts to deform itself and assumes a conical shape, 
known as Taylor’s cone, dispensing micro- nano- and pico-drops. Fig. 2.16 shows 
a scheme of a micro-fluidic channel with PDMS micro-lenses pyro-ink-jet-
printed on it. Micro-lenses can have different shapes and dimensions
26,54
 and are 
formed using a XY axis stage, controlled by a computer. Once the lenses are 
deposited on the channel, the device is heated at 80 °C for 30 minutes, in order to 
improve the reaction between the base and the curing agent into the PDMS and 
make it solid. 
 
 
Figure 2.16. Schematization of a device with printed PDMS micro-lenses onto a 
PMMA-made micro-fluidic channel. 
 
We have already demonstrated that pyro-ink-jet printing is a powerful technique 
for a large variety of materials
58
. Moreover, pyro-ink-jet printing allows to realize 
polymeric lenses arrays with a great control of their dimensions
58
. As shown in 
Fig. 2.17(b), a characterization of micro-lenses dimensions has been done, 
considering a PDMS micro-lenses array [four of these lenses are showed in Fig. 
2.17(a)] printed onto a hydrophobic-treated glass. This treatment is done spinning 
TEOS/PFTEOS onto the glass, in order to minimize the contact angle between 
the glass and the PDMS and obtain lenses with higher focal length.  
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Figure 2.17. A short segment of a PDMS micro-lenses array is showed in (a). 
Randomly chosen micro-lenses dimensions are reported in (b) and (c). In 
particular, mean value measured is 28.55 µm, with a standard deviation of 4.91 
µm (b). Focusing onto a region with more comparable values (c), mean value is 
31.27 µm and the standard deviation is 0.42 µm. 
 
The optical qualities of the micro-lenses have been evaluated through the Digital 
Holography (DH)
55
. In particular, optical aberrations and focusing properties of 
the micro-lenses have been studied. The set-up used is a classic Mach-Zehnder 
interferometer (Fig. 2.18): the object beam crosses the device and recombines to 
the reference one in the acquisition plane. In this way, an interference pattern is 
created and a digital hologram is recorded. Then, numerical propagation gives the 
object complex field in whatever plane along the optical axis from which the 
phase distribution and the intensity of the optical wavefield transmitted by the 
sample can be extrapolated
68
. In order to compensate for the aberrations of the 
optics in the set-up, due to the phase delay relative to the cross of the object beam 
through the micro-fluidic channel, a double exposure method is done. 
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Figure 2.18. Mach-Zehnder interferometer: a continuous wave laser (with 
wavelength of 632.8 nm) emitted a beam that splits itself into two beams, one 
directed toward the object and the other recombines itself with the first in order to 
produce an interference pattern. The beam arrive on a CCD camera 1024x1024, 
having pixel patch Δx =Δy=4.4μm). BS: Beam Splitter. MF: Micro-Fluidic. BC: 
Beam combiner. 
 
The Zernike polynomial expansion is used to model and study the optical 
aberrations due to the micro-lenses
30,55,68
: though it, a 2D fitting is applied, in 
order to recover the phase map. The acquisition method of the hologram will be 
largely explained in Chapter 2.4.3. The radius of curvature of the micro-lens, R, 
can be measured from the phase-contrast map relative to the plane in which the 
lens exit pupil is found. This means that it is possible to estimate the focal length, 
f, from DH: f=R/(n-1)=4.3 mm, considering n=1.46 as refractive index of the 
micro-lens. Additionally, DH set-up can capture holograms of a test resolution 
target, placed behind the micro-fluidic chip, in the sample plan, in order to exalt 
the capability of the magnifying action of the micro-lens. An example is showed 
in Figure 2.19, wherein fibroblast cells, flowing into the chip, appear in focus 
when pass through the lens area, while are out-of-focus in the areas outside the 
lens. 
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Figure 2.19. Magnification action operated by the micro-lens is showed 
comparing the distance between the walls of the micro-channel, that appears 
higher in correspondence of the area occupies by the lens (a). Fibroblast cells 
focus is not constant in the lens area and outside the lens area (b). 
 
2.3.5 Conclusions 
A valid alternative inkjet printing technique able to deposit optical polymeric 
tools directly onto micro-fluidic chips is proposed. The forward configuration for 
pyro-EHD printing overcomes the limit of the distance between liquid reservoir 
and receiving substrate, compared to classic pyro-EHD printing configuration. In 
this way, the flexibility of the EHD system is increased. Moreover, this printing 
technique has very high resolution, allowing to print drops of dimensions until 
few hundred nanometers, having volumes of pico-liters. The use of micro-lenses, 
integrated on a micro-fluidic chip, supports the development of fast, portable, and 
easy-to-use devices with a high level of functional integration. PDMS is a 
material with good chemical, mechanical and optical properties, absolutely 
suitable to be pyro-EHD printed and easy to manipulate, in order to cure it and to 
obtain lenses and devices with good optical performances. DH is an excellent 
way to evaluate micro-lenses optical properties, also thanks to the transparent 
property of the PDMS that allows to present the image with good quality. 
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2.4     Micro-engineered pyroelectric crystal and 
self-assembling of micro-lenses 
Using the described printing approach, it is possible to obtain single lenses on a 
substrate. It is also possible to obtain an array of lenses, but there are many 
parameters to check in the drop deposition for the realization of the array. The 
way to obtain an array more easily is through the use of an engineered substrate 
with a pattern that heads a flexible layer on it. As extensively explained, the LN 
crystal shows a pyro-electric effect that can be used to generate a spatial 
distribution of electrical charges. In fact, those electric charges can induce self-
assembling and patterning of a soft material if it is on the crystal, through pyro-
EHD
7,69-70
. With correct control of the EHD effect, an array of micro-lenses with 
great uniformity and with a variable dimension is obtained
7
. 
 
2.4.1 Periodically poled lithium niobate (PPLN) 
PPLN is obtained by fabricating periodically reversed ferroelectric domains (in 
Section 1.1 is reported that a pyroelectric material can be also a ferroelectric 
material and this is the case of the LN) by an electric field poling process that is 
obtained by an external voltage exceeding the coercive field of the material
71-72
. 
LN Micro-engineering is a multi-step process: LN crystals are commercially 
furnished in the form of wafers, so the first step is to reduce LN dimensions to 
obtain a suitable substrate for the micro-lenses. After that, on the z-side of the LN 
crystal (each crystal has, conventionally, a Z− and Z+ side, related to the 
orientation of the domains), a coat of photoresist polymer is laid down and is 
spin-coated onto the surface with a rate of 3000 rpm for 30 s. The following step 
is a lithography using a mask able to imprint a pattern on the LN. Zones of the 
sample are only periodically exposed, namely those that the mask allows to 
expose. Thus, the pattern on the mask is transferred onto the LN and can have 
variable sizes; in particular, it can be written as an array of circles having 
diameters of 25, 50, 100, or 200 μm, depending on the mask used. The shape of 
those circles is very important, because the equilibrium in the crystal allows the 
creation of the characteristic hexagons where the circles are imprinted. 
Lithography is done using an interferometer consisting of a single laser beam put 
in interference with itself, exploiting an optical system made by mirrors and 
lenses. Once the lithography is completed, photoresist is developed by immersing 
the crystal into an appropriate chemical substance and drying it with nitrogen. 
The last phase of the preparation of the crystal is the poling, consisting of an 
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oscilloscope, a generator of electric current and a device to maintain the sample 
between two cells full of water (conductive, transparent, maneuverable and 
cheap), that permits closing of the circuit and application of tension to the crystal, 
orienting the domains and imprinting the hexagons. A hexagon is the geometric 
shape energetically more comfortable to discharge the tension. The tension used 
to pole a crystal is about 5.2 V. After cleaning the sample by photoresist excess 
and heating it, it is possible to see the hexagons on the surface. It is important to 
say that each phase of this process is easily reversible, except for the poling, that 
requests a complicate apparatus; the risk of over-poling the crystal is not rare 
(domains do not remain in the zones impressed with lithography, and a large 
domain on the surface is obtained). 
 
2.4.2 Polymer self-assembling on PPLN 
A polymer used for this application is PDMS, an elastomer that keeps a liquid 
state for a sufficiently long time to slide on the surface of the crystal and create 
the micro-lens array. It is demonstrated that using an opportune polymer, e.g. 
PDMS, and spinning it on the PPLN surface, it self-assembles due to pyro-EHD 
effect
7,73
. In fact, PPLN produces pyroelectric forces due to a charge displacement 
on its surface (Fig. 2.20), and its structure induces the polymer to follow the 
pattern impressed on the substrate, producing micro-lenses that have shape and 
dimensions depending on the PPLN characteristics and spinning setup
7
. Some 
examples of the effect of the polymer spinning rate are represented in Fig. 2.20, 
in the cases of 4000 rounds per minute (rpm) [Fig. 2.20(a)], 6000 rpm [Fig. 
2.20(b)], 8000 rpm [Fig. 2.20(c)], and 10,000 rpm [Fig. 2.20(d)]. 
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Figure 2.20. Images from PDMS micro-lenses array on a PPLN substrate 
controlling spinning rate
7
. 
 
In order to make the lenses on the crystal, it is sufficient to deposit PDMS, in 
addition with the curing agent, in a 10:1 concentration proportion, on the surface 
of the crystal on either of the two sides. At this point, the PDMS is spin-coated 
onto the PPLN, and that sample is heated at 170°C for 30 s. The pyro-electric 
effect is activated and the polymer is self-assembled on the surface of the crystal, 
following the domains related to the hexagons. An example is shown in Fig. 2.21: 
a micro-lens array on a 50 μm hexagon pattern is showed.  
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Figure 2.21. PDMS micro-lens array on a 50 μm hexagon PPLN crystal, Z+ side; 
image acquired by Zeiss Axio Imager M1. 
 
As already said, the shape and dimensions of the micro-lenses depend on some 
factors: PDMS quantity (i.e., spinning rate) and PPLN side are the principal ones. 
Generally, on the z+ side, PDMS is self-assembled in a classic lens shape, as 
visible in Fig. 2.22(a), while, on the z− side, lenses do not keep their shape and 
collapse in their center, creating a donut shape, shown in Fig. 2.22(b). 
 
 
Figure 2.22. Steps to realize a PDMS micro-lenses array (a) and a micro-donut 
array (b) on a PPLN crystal
7
. 
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A high spinning rate entails a low quantity of PDMS on the PPLN and so shorter 
lenses, until the polymer does not succeed in shaping lenses, obtaining micro-
donuts instead
7
.  
 
2.4.3 Microstructure characterization 
 
2.4.3.1 Morphological and optical characterization 
Fig. 2.23 summarizes the morphological and optical properties of two 
microstructures, referring to the characterization of a polymer array.  
 
Figure 2.23. Images from micro-donut array (a) and micro-lens array (b), with no 
concentration of toluene. 
 
Images show the shape of the structures, or eventually the action of the addition 
of toluene into PDMS
7
, as shown in Fig. 2.24. In fact, modulating the viscosity of 
the solution, the pyroelectric effect acts varying the lens shape: a toluene dilution 
reduces, in this case, the PDMS viscosity. 
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Figure 2.24. Micro-donuts array with toluene added in PDMS in the following 
volume ratio 1:1 (a), 1:2 (b) and 1:3 (c); magnified view of micro-donuts (d)
7
. 
 
For this analysis, a microscope Zeiss Axio Imager M1 has been used. Arrays, 
being on one of the two sides of the crystal, can be seen in reflection mode, but it 
becomes necessary when a fluorescence analysis has been done, because filters 
are linked only with the lamp used for reflection analysis.  An important piece of 
information derived from the microscope analysis is the focal length, evaluated 
through a z-stack acquisition (known x and y as the axis on the plane of the 
crystal). A microscope is usually used for this measurement in transmission 
mode. The measurement is made using different distances from the samples with 
an incremental step of 7 μm. Fig. 2.25 summarizes the morphological and optical 
properties of three micro-structures. The xz-view of the light cone generated by 
the lens within a vertical plane passing through one of the xy-symmetry axes is 
shown in Fig. 2.25(a). The light intensity profile shows a sharp maximum around 
700 μm. Fig. 2.25(b) reports the graph of profilometer data for the polymer lens 
measured along one of the symmetry axes, and a Gaussian fitting of the data is 
reported to better define the profile. The results are then summarized by the three 
images in Fig. 2.25(c), where the xy-view is shown: in correspondence to the 
maximum intensity for lenses, a bright and defined spot is formed. The same 
characterization is performed for two micro-donuts obtained at different dilution 
ratios. Figs. 2.25(d) and 2.25(g) show the focal length emitted by the polymer 
micro-structures and the corresponding profile is reported in Figs. 2.25(e) and 
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2.25(h). In the case of donuts, the xz-view reveals that each of the two peaks 
visible in the profile graph generates a cone of light. For the donuts, one global 
maximum is located around 150 μm above the donut peak. As visible in the 
results summarized in Figs. 2.25(f) and 2.25(i) in the case of the donuts, the first 
maximum corresponds to a bright and well-defined light ring, while the second 
maximum corresponds to a bright spot in the center, but less bright and defined. 
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Figure 2.25. Morphological and optical properties of micro-lenses and micro-
donuts: xz-view reconstruction for the z-stack acquisition using a Zeiss Axio 
Imager M1 microscope in transmission mode (a), (d), (g); profilometer measure 
point and Gaussian fit (bold line) (b), (e), (h); xy-view for focalized light at three 
different distances (c), (f), (i). 
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As reported in Table 2.1, the average height of the lens is 14 μm, while the peaks 
of the donut-like lenses are only 2.1 and 1.5 μm in height for the 1:1 and the 2:1 
PDMS dilutions, respectively. The half-band width is also reduced from 105 μm 
for lenses to about 40 μm for both donuts7. Therefore, focal length is generally 
higher in lenses than in donuts.  
 
 Peak (μm) Half-band width (μm) Focal distance (μm) 
Lens 14 ± 2 105 ± 10 700 ± 17 
Donut (1:1) 2.1 ± 0.3 40 ± 5 144 ± 15 
Donut (2:1) 1.5 ± 0.2 39 ± 5 134 ± 20 
 
Table 2.1. Main parameters of polymer microstructures
7
. 
 
The z-stack is not the only information obtained from the crystal plane; using a 
profilometer (Model DektakXT 2011, Bruker Corporation), it is possible to 
obtain morphological information and surface pattern. Two examples of micro-
structure profiles are shown in Figs. 2.26(a) and 2.26(b). For the PDMS, micro-
structure is important to set the correct applied force on the sample in order to 
preserve the structures, as the tip is harder than the structures. A longer analysis 
permits minimization of error in the measurement; it is more opportune to set a 
long time as the measure when the structures are micro-donuts, where the profile 
is more irregular, as shown in Fig. 2.26(b), in order to evaluate the profile at the 
best in each point. An experimental result is shown in Fig. 2.26(c): as the spin 
rate is increased, repeating the tests with a constant solution ratio and thermic 
treatment after spin-coating, the shape of the structures evolves to a donut, while, 
decreasing the spin rate, the structures acquire a lens shape. 
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Figure 2.26. Profiles of micro-lenses (a) and micro-donuts (b). Changing spin 
rate, the shape of the structure is modified, moving from a lens with a higher 
height with a low spin rate to a donut with lower height when spin rate is 
increased (c)
7
. 
 
2.4.3.2 Interferometric characterization 
Interferometric characterization of micro-lenses helps in understanding focus 
properties and evaluating optic aberrations in them. An experimental set-up 
consists of a typical Mach–Zehnder interferometer arranged in a transmission 
configuration, as shown in Fig. 2.27. 
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Figure 2.27. Experimental setup used for the micro-lenses’ optical 
characterization
55
. 
 
The source is a continuous-wave solid state laser emitting light at 532 nm. The 
beam is divided in two by a beam splitter; the object beam passes through a thin 
PDMS micro-lens array and is imaged by a 5× microscope objective onto a CCD 
camera (pixel size 4.4 μm). The reference beam is opportunely expanded and, 
with the same polarization of the object one, is recombined with it via another 
beam splitter. The resulting interference pattern, the digital hologram, is recorded 
by the CCD camera placed at a distance d from the image plane according to the 
holographic technique. The intensity and the phase of the complex wave 
(wavefields) passing through the PDMS sample are numerically calculated 
starting from these digitally recorded holograms, which contain the entire 
information of the specimen. Due to the flexibility of DH, the wavefields 
reconstruction is possible in different image planes without changing the setup, 
i.e. without moving the sample, simply by varying the reconstruction distance d 
in the reconstruction algorithm. This is based on the Fresnel transformation 
method. Figs. 2.28(a) and 2.28(b) display the unwrapped phase map φ(x,y) of two 
different micro-lenses. These phases have been analyzed in order to recover the 
focal length f of each lens. Figs. 2.28(c) and 2.28(d) show a parabolic fit along 
both dimensions of the phase according to: 
φ(x, y) =
2𝜋
𝜆
(𝑥2+𝑦2)
2𝑓
                                             (22) 
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with 𝜆 = 0.532 μm. Here, the parabolic approximation of the spherical wavefront 
of the beam passed through the lens is considered. The focal lengths recovered 
from the parabolic fits are f ≈ 307 μm for the one in Fig. 2.28(a) and f ≈ 1010 μm 
for Fig. 2.28(b). By these measurements, the micro-lens in Fig. 2.28(b) has a 
higher focal length and the profile is flatter as a consequence of the fabrication 
process, as results from the fringe number and from the lower value of the phase 
[Figs. 2.28(b) and 2.28(d)]
55
.  
 
Figure 2.28. Phase maps of two micro-lenses from different samples (a, b) and 
corresponding parabolic fits (c, d)
55
. 
 
The optical behavior of the micro-lenses is also characterized in terms of the 
optical aberrations intrinsically present in the lens array, by applying a 2-D fitting 
procedure. Several holograms of a 4 × 4 lens array are acquired during the 
stationary condition, i.e., when the number of fringes is stable in the wrapped 
phase distribution, while the fitting procedure is performed for each of the three 
chosen lenses of the array and for the lenses of some arrays at different time 
instants. The function used for the fitting process is a linear combination of 
Zernike polynomials. The coefficients of the linear combination for tilts, 
astigmatism, focus, and third-order spherical aberration terms are evaluated. The 
coma and the higher order coefficients are neglected because they are smaller by 
some orders of magnitude. The calculated coefficients show that the phase 
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distribution at the exit of each lens is made of the same terms for each lens and, 
for each term of the linear expansion, the coefficients of different lenses are 
similar. This allows us to state that our device displays the same properties for 
each microlens
30
. A 2-D fitting is applied to the recovered phase map using a 
Zernike polynomial expansion
74
 to model and study the optical aberrations 
produced by the lens
30,74-75
. To ensure the best fitting results, the hologram plane 
is chosen in order to obtain a proper sampling of the object information on the 
whole lens area.Thus, the optical aberrations are estimated in the hologram plane, 
far d = 17.3 cm from the lens exit pupil. As a fitting quality index, we calculated 
the mean square error (MSE) between the measured and the calculated phase 
distribution, normalized with respect to the maximum value of the measured 
phase map. When PMAX= 10 terms are adopted to synthesize the Zernike function, 
an MSE = 0.07% is found, assuring a very accurate reconstruction quality. The 
first 10 orders of the linear combination of Zernike polynomials (i.e., the Zernike 
function) are shown in Fig. 2.29, along with the corresponding coefficients aP, 
representing the weight of each aberration term.  
 
 
Figure 2.29. Normalized Zernike coefficients derived from the lens phase-
contrast map. For each order P, the corresponding Zernike polynomial is shown. 
 
From the bar diagram of Fig. 2.29, it is apparent that, except for the constant 
offset (P = 1), the main contribution to the development of the Zernike function 
is a defocus term (P = 5). This is an expected result due to the spherical shape of 
the lens. Moreover, a tilt along the y axis (P = 3) is present, as well as a coma 
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aberration along the x axis (P = 8). The other terms give a negligible 
contribution. If compared to the expected spherical contribution (P = 5), the 
aberration surface distributions depicted in Fig. 2.30 show shorter dynamics.  
 
Figure 2.30. Surface distribution of the main Zernike polynomials: spherical 
factor (a); tilt along the y-axis (b); astigmatism (c); trefoil (d); coma aberration, x-
axis (e). 
 
Hence, they play a minor role in determining the optical behavior of the micro-
lens. In order to estimate the lens focal length, we adopted two different 
strategies, whose results are in good agreement. As previously discussed, DH 
allows numerically performed z-scanning in order to reconstruct the complex 
object wavefield in a convenient plane. Thus, it is simple to measure the focal 
length as the distance between the lens focus plane and its exit pupil. On the other 
hand, a geometrical approach can be followed. Indeed, the radius of curvature R 
can be measured from the phase-contrast map extracted in the plane 
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corresponding to the lens exit pupil. Hence, we estimated the focal length as 
where n = 1.46 is the lens refractive index. 
 
 
2.4.4 Self-assembled micro-structure functionalization 
PDMS can be functionalized by adding a substance into its viscous structure 
before it is cured. For example, by adding a dispersion of CdSe/CdS (core-type 
quantum rods, 5 mg∕mL in toluene, Aldrich) quantum rods in toluene to PDMS, 
the fabrication of a lens array has been demonstrated following the same 
procedure. Once the array is heated, rods arrange themselves in a particular way 
into the polymer, obtaining a double self-assembly phenomenon due to the 
pyroelectric effect: pyro-EHD, related to PDMS, and pyro-DEP, related to rods. 
In this way, a pattern of nano-rods is obtained and is visible through fluorescence 
microscopy, as shown in Fig. 2.31. 
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Figure 2.31. Bright-field image compared to the respective fluorescence image; 
lenses are self-assembled and nano-rods are arranged in the center and at the 
border of the lenses (scale bar 100 μm)76. 
 
The chance of obtaining nano-composites is very interesting, because it is 
relatively easy for a polymer to incorporate nano-fillers into its matrix, 
modulating the resulting properties of the nano-composite produced and, at the 
same time, allowing one to use the existing fabrication methods
76
. Furthermore, 
the addition of quantum rods allows the organic transformation of passive micro-
optical elements into active photonic components
76
. The interaction between the 
polymer matrix and nano-fillers embedded into it has been further investigated: in 
the following, a published paper focused on the pyro-DEP effect on quantum dots 
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in PDMS is reported. The hexagon pattern influence and the dots disposition are 
evaluated, in order to realize a separate dots pattern.  
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2.5      Paper: “Direct self-assembling and 
patterning of semiconductor quantum dots on 
transferable elastomer layer” 
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2.5.1 Abstract 
Functionalization of thin and stretchable polymer layers by nano- and micro-
patterning of nanoparticles is a very promising field of research that can lead to 
many different applications in biology and nanotechnology. In this work, we 
present a new procedure to self-assemble semiconductor quantum dots (QDs) 
nanoparticles by a simple fabrication process on a freestanding flexible PDMS 
membrane. We used a PPLN crystal to imprint a micrometrical pattern on the 
PDMS membrane that drives the QDs self-structuring on its surface. This process 
allows patterning QDs with different wavelength emissions in a single step in 
order to tune the overall emission spectrum of the composite, tuning the QDs 
mixing ratio.  
 
2.5.2 Introduction 
Colloidal semiconductor QDs have gained popularity since their discovery 
mainly because of their optical properties and their unique electronic 
capabilities
77-78
. The sharp wavelength emission spectrum, whose characteristic 
wavelength can be tuned with slight changes in size and composition, and the 
quite low cost synthesis make QDs attractive for a range of optoelectronic 
applications in light emitting diodes
79
, nano-electronic devices
80
, solar cells
81
, 
quantum computing
82
 as well as highly sensitive biomedical diagnostics
83
. 
Furthermore colloidal quantum dot led (QLEDs) have attracted great attention as 
for next generation displays or skin-like tattoo for biomedical and wearable 
electronics. In fact the QDs have unique properties such as the color tunability, 
photo/air stability, and are printability on various substrates. The device is paper 
thin and can be applied to human skin like a sticker
84
. However, in order to fully 
exploit the unique properties of QDs for emergent technology, it is important to 
find facile fabrication processes for disposing and patterning QDs over large 
surfaces, favoring their integration with solid-state devices, and at the same time 
opening new ways for direct QDs decoration of flexible and freestanding plastic 
layers. In fact, the prospective of using QDs in flexible and wearable opto-
electronics device is still challenging due to lack of suitable fabrication methods. 
In recent years, much effort has been under-taken for the fabrication of well-
ordered soft-matter-based QDs patterns over large area due to their increasing 
applicability in a lot of different fields such as polymer electronics
85
 soft 
machines
86
, light-emitting devices
87
, hybrid organic/inorganic solar cells
88
 and in 
particular for chemical and biological sensors. Actually there have been foreseen 
numerous applications of QDs patterns for highly sensitive biomedical 
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diagnostics
89
, tissue-engineering
90
, surface modification
91-92
 and microfluidics
93
. 
Despite the numerous advantages of QDs, the fabrication of micro-decorated QDs 
patterns is still challenging. Different and more or less intricate strategies have 
been proposed and attempted for creating surface-ordered arrays of QDs. Recent 
advances include the generation of complex patterns through recognition directed 
by self-assembly
94–96
, direct patterning
79-80
 and several lithographic techniques
97–
101
. These include deposition of nanoparticles dispersed in di-block-copolymer 
templates
102
 using capillary forces for immobilization
103
, self-assembling driven 
by electrostatic and hydrogen bond interactions
102,104
, microcontact printing
105-106
 
and layer-by-layer (L-b-L) self-assembled technique. Unfortunately, the proposed 
techniques require multi-steps approaches, often combining the use of expensive 
photolithography equipment’s with chemical surface treatments and/or special 
functionalization. Unlike conventional lithography, direct dispensing and 
patterning would be very attractive as it could offer a significant simplification 
thus avoiding the complications of long processing times, resist deposition, 
etching, removal and subsequent roughness generation. Electron beam 
lithography (EBL) can be an attractive lithographic technique for direct 
patterning but, in general, it becomes difficult to pattern QDs clusters on a pre-
defined structure with accurate compensation of alignment mismatch
107-108
. 
Anyway, EBL is suitable only for processing very restricted areas. From another 
point of view, spray deposition notably simplifies the degree of morphological 
and chemical control required in the QDs coating process. Unfortunately, spray 
coating results in a problematic reduction in performance characteristic of the 
solution-processed active materials
109
. An alternative low-cost solution for 
patterning QDs could be the microcontact printing approach by using a polymer 
mold. Nevertheless, many common organic solvents used for QDs dispersion 
(e.g. toluene, hexanes) solubilize polymers and are generally not suitable for 
pattern replication. In this paper an alternative strategy for QDs direct patterning 
and the embedded into a stand-alone polymer film is proposed. A LN is 
functionalized by micro-engineering (i.e. by spatially arranging the inverted 
ferroelectric domains
38,71
) and covered by a film of hydrophobic polymer. 
Essentially, the self-patterning method proposed is based on pyro-DEP self-
assembling approach and allows the fabrication of a micro-shaped polymer layer 
functionalized with patterns of colloidal semiconductor QDs. The PPLN samples 
act as a template for driving the self-assembling by electrode-free DC DEP of 
polymeric films
38,71,110
. Recently the self-assembling of polymers in patterned 
array
48,76,111-112
 made in PDMS and the fabrication of nano-composite polymeric 
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lens array (diameter ∼100 μm) have been already demonstrated on microscale in 
case of nano-crystals embedded in the polymeric solution
76
. However at the 
actual state of the art, capability to get a freestanding patterned elastomer 
membrane was not demonstrated and achieved yet. Here we show that self-
assembly of QDs induced by DEP effect could be used to produce a patterned and 
transferable elastomer layer. The patterning is obtained by DEP effect activated 
over a colloidal QDs solution spin coated onto a 25 μm hexagonal PPLN 
substrate already covered with a thin charged micro-structured PDMS film. The 
phenomenon at the basis of this experimental behavior is the DEP effect, not 
induced by an external electric field but due to the pyroelectric effect. The QDs 
spontaneously assemble under the action of a temperature gradient, creating a 
decorated polymer layer that is easily transferable in a free-suspended and 
flexible layer. It is noteworthy that the technique makes use of a reconfigurable 
electric charge template, thus allowing us to avoid tedious replications of specific 
chemical and/or physical procedures or the use of molds. In fact, a single driving 
crystal is reusable indefinitely for fabricating multiple patterned flexible layers. 
The proposed process not only offers a simple route for pattering and controlling 
the distribution of QDs but also reduces the complexity of fabrication of a 
functionalized self-assembled material. 
 
2.5.3 Fabrication process  
PPLN is the result of a micro-engineering process applied to a LN crystal. 
Periodically reversed ferroelectric domains are obtained applying an external 
electrical voltage, exceeding the coercive field of the material
71-72
. Shape and size 
of the QDs array can be varied by changing the underneath PPLN pattern in the 
bulk LN substrate. Details on poling process can be found in literature
38,112
. A 
typical PPLN with hexagonal geometry is shown in Fig. 2.32(a). In this work we 
exploit an interesting effect observed recently regarding the capability to 
manipulate liquid and drops by pyroelectric-EHD effect. As we reported in a 
previous work, in which nematic liquid crystals droplets could be fragmented and 
spatially self-assembled on the PPLN substrate driven by electric filed induced by 
pyro-electric effect
113
, here we use the pyro-DEP forces for the self-assembling of 
QDs. The conditions in which the instabilities produce fragmentation and 
dewetting of QDs are governed by the interaction between solid-liquid interface 
and liquid-air interface, as in case of liquid crystals
113
. The QDs pattern produced 
formed could be reconfigured very easily because the particles are free to move 
on top of the polymer layer. In the case of CdSe/CdS/PDMS nano-composite they 
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were embedded into the polymer and their positions were fixed after the PDMS 
crosslinking
76
. The QDs are fragmented and driven by the DEP effect induced by 
the pyroelectric field activated by thermal stimulus applied to the PPLN substrate 
during spin coating and self-assembled on the substrate according to the 
underneath ferroelectric domain patterned structure into LN. In fact, the QDs 
patterning is guided exclusively by DEP effect due to the pattern of charges 
created and exposed by the PPLN crystal as a consequence of the pyroelectric 
effect
38,71,76,110,113
. It is worth to be noted that the morphology of the underlying 
polymer, although not negligible, is not the driving force of the self-assembling. 
The QDs pattern (i.e. on the top of the hills) is not consistent with the more 
energetically favorable and stable configuration (i.e. on the bottom of the 
valleys). This pattern is rather consistent to the DEP forces as already 
demonstrated in a previous work
66
. Nevertheless it is very difficult to detach the 
patterned membrane from the PPLN crystal thus preventing the possibility to 
achieve free-standing and transferrable membranes with the patterned QDs. A 
commercial thermo-crosslinkable PDMS solution (Dow Corning Sylgard 184, 
10:1 mixing ratio, base to curing agent Midland; η = 3900 cP, εp = 2.65 from 
datasheet) was prepared and deposited on the PPLN crystal by spin coating [Fig. 
2.32(b)]. Depending on the spin rate, different film thickness can be obtained, 
ranging from ∼10 μm at 3000 rpm for 1 min to ∼150 nm at 10000 rpm for 8 min. 
The phenomenon at the basis of the self-assembling of the polymeric layer is the 
EHD
35,48,112
. In our case, however, this process is not induced by an external 
electric field, but it is due to a pyro-electric effect: the variation in temperature 
induces a charge displacement on PPLN surface used to create a polymeric 
pattern
48,112
. After the spinning procedure, the crystal is heated at 170 °C for 30 s 
onto a conventional hot plate [Fig. 2.32(c)] and two different typologies of 
structures can be obtained, depending on the choice of the crystal side (Z− or Z+). 
Uncompensated charges are free to diffuse into the polymer while is in its liquid 
phase and PPLN structure induces the polymer self-assembling as direct function 
of the pattern impressed on the surface of the substrate, producing a micro-
structured film
48,112
. In particular, the polymeric fluid crowds where the pyro-
electric field reaches the maximum of the intensity: on Z+ the maximum is 
around the hexagons [Fig. 2.32(d), sample A], while on Z− the maximum is in the 
center of the hexagons
48,112
 [Fig. 2.32(e), sample B]. The diameter of the 
micrometrical polymeric pattern depends on the dimensions of the hexagonal 
structures of the PPLN crystal; in this work we scaled the average dimension of 
the hexagons down to 25 μm.  
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Figure 2.32. A typical PPLN is showed in (a). PDMS is deposited on PPLN (b) 
and heated on an hot plate (c). Depending on crystal side two different PDMS 
structures can be obtained, i.e. small bumps (d) or slight craters (e), schematically 
illustrated in (d) sample A and (e) sample B, respectively. 
 
In Fig. 2.33 optical images of micro-structured polymer film are presented: 
samples A is produced on Z− side while sample B onto Z+ side.  
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Figure 2.33. Typical images of sample A and sample B, obtained by using a 
Zeiss Axio Imager M1 microscope in reflection mode; (a) polymer film decorated 
with polymer micro-bumps and (b) polymer film decorated with polymer micro-
craters arrays on a 25 μm hexagonal PPLN crystal. 
 
In a first step, a double layered film onto the PPLN substrate was obtained. The 
procedure is illustrated in Fig. 2.34. A thin film of CdSe QDs was deposited on 
top of the PDMS structures by self-assembly techniques. The realization of the 
double layer makes possible to pattern directly the polymer surface and, 
furthermore, the problems relative to the dispersion of dots into the polymer 
matrix are overcome. In this approach, the first layer is made by cured PDMS that 
self-assembles into very thin and flat micro-structured film, while the second 
layer is made by Quantum Dots in Toluene Solution (QDTS). In particular, 25 μL 
of a Lumidot CdSe quantum dots (core-type, fluorescence λem 560 nm, Sigma 
Aldrich) solution were spin coated on the polymeric film produced onto the 
PPLN sample. The spinning rate for the polymer self-assembling has been chosen 
in order to maintain the micro-structures due to the regions of highest electric 
filed in a flat polymeric layer. The optimal spin condition for QDs patterning was 
a speed rate of 5000 rpm for 2 min, these spin coating speed and duration allow 
the evaporation of toluene during spinning and, simultaneously, the self-assembly 
of QDs on PDMS. A 25 µL drop of the 0.08 vol% QDs dispersion in toluene was 
spin coated over a 2 × 2 cm PPLN sample, the maximum time employed to 
prepare the sample during which the polymer and the solvent are in contact has to 
be of about 20 s, making a balance between polymer dissolution and solvent 
evaporation. The drop volume and spinning time were selected in order to reduce 
the swelling of the crosslinked PDMS membrane
114
. 
70 
 
 
Figure 2.34. Schematic illustration of the deposition and spinning processes to 
realize the double layer film onto the PPLN substrate, (a) PDMS micro-bumps or 
micro-craters on PPLN z−/z+ face, (b) standard QDs deposition procedure, (c) a 
typical spin coating process. 
 
In Fig. 2.35 is outlined the arrangement of QDTS that are initially 
homogeneously dispersed [Figs. 2.35(a) and 2.35(b)]. On sample A, during spin, 
dots move from their initial position [Fig. 2.35(c)] and occupy precise position 
over the hexagons [Fig. 2.35(e)]. Otherwise, on sample B, QDs move from their 
starting position [Fig. 2.35(d)] to a new one, preferentially around the hexagons 
[Fig. 2.35(f)]. The movement of QDs over the polymer film is related to the DEP 
effect activated by the underlying micro-structured PPLN, widely described in 
literature
115–117
. The distribution obtained on each side of the crystal is opposed to 
the more energetically favorable configuration that would occur in the case of the 
micro-structured polymer layer without the underlying PPLN crystal. In sample A 
the pyro-DEP effect is maximum at the center of the hexagon, while in a sample 
B the pyro-electric field collapses at the center of the hexagon while the 
maximum is reached at the border of the domain
38,71,76,110
. In the case of a QDTS 
spin-coated onto the Z− face of a PPLN substrate (sample A), a high density of 
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small QDs droplets covers the domain region. This phenomenon resembles the 
well-known dewetting effect observed in correspondence of the underlying 
polymeric micro-structured film
113,118-119
. If the QDTS solution is deposited onto 
the Z+ face of the PPLN crystal (sample B) an opposite behavior is obtained, 
demonstrating that the phenomena are driven by the sign of the pyro-electric 
charge intermediate by the polymer film. In fact, in case of sample B, the 
experimental evidence is that almost all of the QDs drops move selectively in the 
area around the hexagons. In this case, the interconnections of near droplets 
reduce the interfacial tension between QDs and PDMS promoting a coalescence 
effect in time
118
. 
 
 
Figure 2.35. QDTS on PDMS micro-structures. QDs move from their initial 
random position (a), view under fluorescence microscope (b), after spin, arrange 
themselves: on sample A (c) they move to the center of the polymer micro-bumps 
(e), while on sample B (d) they pattern around the craters (f). 
 
In Fig. 2.36 are showed two images captured by Zeiss microscope, using a 
fluorescence lamp and a FITC filter. Fig. 2.36(a) represents the pattern impressed 
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by dots on sample A; QDs occupy only the areas onto the underling hexagons. In 
Fig. 2.36(b), on a sample B, dots pattern the borders of the hexagonal domains 
and occupy halfway areas between the domains. In the inset of Fig. 2.36(a) is 
reported the mean fluorescence intensity distribution measured over N = 22 dots 
of the Z− sample while in the inset of Fig. 2.36(b) the same measure of 
fluorescence intensity is reported for over N = 20 dots of the Z+ face. In this way, 
it is demonstrated the possibility of obtaining QDs pattern on very small domains: 
these sparse dots arrangement is accurately patterned inside and outside the 
hexagonal periodic structures, as shown in Figs. 2.36(a) and 2.36(b), respectively. 
The reduced dimensions of the domains “force” QDs to occupy narrow areas of 
the sample, according to the underlying charge pattern impressed on PPLN; this 
is possible because PDMS is already cured and shaped into a flat micro-
structured film when the second layer is deposited on it. QDTS is easy to deposit 
on this pattern and QDs self-assemble spontaneously on it. Exploiting this 
approach, another interesting opportunity is used for the fabrication of a multi-
QDs layer on PDMS. The starting polymeric micro-structured film on PPLN has 
been made in the same way of the previous samples, while, about the second 
layer, QDTS was substituted by a solution containing QDs having three different 
emission wavelengths of 480 nm, 520 nm and 610 nm in a variable mixing ratio, 
respectively. The Three Quantum Dots Layer (TQDL) solution is preliminarily 
sonicated for 15 min and then 25 μL of this mix are spin coated over the polymer 
film. Spin conditions are unchanged, according to those relative to the sample B. 
 
 
Figure 2.36. Images obtained using a FITC filter from a sample A, having 
hexagons domains with a diameter of 25 μm, on Z− side (a), and a sample B, with 
the same domains, on Z+ side (b). On Z−, dots mark little points over the 
hexagons, while, on Z+, they stand along the space between the domains. 
 
In Fig. 2.37 is represented an image captured with a fluorescence lamp, using a 
DAPI filter. Dots follow the underlying structure, like in one kind QDs case. As 
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showed in Fig. 2.37(a), QDs emission is whitish as expected from the 
superposition of the three primary colors. The QDs size is small compared to the 
clusters size therefore the individual wavelength emission cannot be distinguished 
by optical microscopy. However, to demonstrate the presence of the three QDs, a 
measure by OceanOptics QE65000 Spectrometer has been realized and the results 
are showed in Fig. 6b. The overall spectrum acquired using a DAPI filter show 
the combination of the three emissions of QDs. The spectrum appears equally 
distributed overall the visible wavelength coherently to the white color of QDs in 
Fig. 2.37(a) (black line). In order to distinguish the different component of the 
emission related to the different particles we performed two spectroscopic 
measurements using a FITC and RHODAMINE filters. The FITC excitation filter 
allows to isolate the emission of the green QDs emitting at 520 nm, as visible in 
Fig. 2.37(b) (green line). Using the RHODAMINE filter (red line) also the red 
QDs peak could be isolated. 
 
 
Figure 2.37. PDMS on a sample A + TQDL, made using a 10:2:1 mixing ratio, 
image, captured with a DAPI filter, of a Z+ 25 μm sample (a). (b) shows the 
spectrum of TQDL layer obtained. 
 
Once obtained the double layer smooth polymeric sandwich on the PPLN, we 
introduced a third outer layer of PDMS on the sandwich, leaving it for a day to 
cure at ambient temperature Tamb. After 24 h the top PDMS film resulted solid 
enough to be removed from the decorated PPLN crystal (bottom), used as a mold. 
This third step allows to transfer on the third removable PDMS layer both the 
polymer microstructure and the QDs assembly. It is worth to be noted that the last 
two steps, deposition of QDs and molding of the third layer, can be replicated 
indefinitely. The process is schematized in Fig. 2.38. After the formation of the 
PDMS micro-structured film [Fig. 2.38(a)], QDs are deposited on the sample 
leading to their self-assembly [Fig. 2.38(b)]. The PDMS + QDs sample is used as 
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a mold to transfer the QDs nano-structure to a third, removable, PDMS layer 
[Fig. 2.38(c)].  
 
 
Figure 2.38. Steps to obtain a PDMS + QDs mold: from the starting double layer 
on PPLN (a), using a second PDMS layer (b), is has been obtained a mold having 
the negative of initial pattern impressed on it (c). 
 
In Figs. 2.39(a) and 2.39(b) are showed the images of the polymeric layer 
(hexagon side 50 μm) captured in bright field and using fluorescence lamp (DAPI 
filter), while in Figs. 2.39(c) and 2.39(d) are showed the images of the mold film, 
in bright field and fluorescence mode respectively. We demonstrated that QDs 
micro-structure could be easily transferred from the crystal to the film, following 
the same profile pictured on the crystal, making a flexible and free standing 
replica. The dimension of the pattern upon the membrane is around 4 cm
2
 and is 
directly related to the dimension of the underlying PPLN crystal used for the 
fabrication and it could be potentially extended up to the entire LN wafer surface. 
As QDs are deposited on the surface of the solid PDMS, when the top layer of 
liquid PDMS is poured, the most part are embedded in the uncured resin and then 
fixed on its surface after crosslinking. As shown in Fig. 2.39 the QDs pattern 
obtained on the mold [Figs. 2.39(c) and 2.39(d)] is accurately replicated on the 
free standing film [Figs. 2.39(a) and 2.39(b)]. The efficiency of the particles 
transfer is not complete as the mold remains slightly fluorescent after the process 
but, the percentage of the QDs transferred to the self-standing membrane is about 
30% and it was quantified by fluorescence examination. 
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Figure 2.39. A 50 μm PPLN (a), with QDs having emission wavelength of 480 
nm, 520 nm and 610 nm, in 18:2:1 mixing ratio, on Z+ side sample. The same 
image, showed in (b), is captured using a DAPI filter. In (c) is represented PDMS 
film obtained by this sample in bright field, in the insert is shown the free-
standing flexible PDMS membrane, while the image obtained using DAPI filter, 
is showed in (d). 
  
2.5.4 Conclusions 
In this work, we presented a facile method to self-assemble nanoparticles of 
semiconductor QDs on a free-standing flexible PDMS films. Such self-
assembling of nano-composite polymer could inspire future fabrication 
techniques for producing layers that could be mounted on top of OLED devices in 
order to drive the light in a more efficient way or for improving their photovoltaic 
efficiency. Moreover, scaling down the dimension of the polymeric structures and 
controlling the self-assembling of QDs over large area represents a very 
promising tool in biology and nanotechnology. 
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3.1. Fibers patterning through TPES 
Electrospinning (ES) is a consolidated technique largely used to deposit 
polymeric fibers. It is based on  an electric field, strong enough to deform a liquid 
droplet; when the electrostatic repulsion, generated by applying the field, 
overcomes the surface tension of the liquid, the drop turns into the Taylor’s cone 
and starts to dispense material onto a target substrate. The great advantage of this 
technique consists of the possibility to exploit the high viscous polymeric 
solutions or polymers with very long chains to keep a continuous jet of material 
and to obtain polymeric fibers. 
 
Figure 3.1.  Electrospinning setup; typically, the fiber polymeric deposition 
produces mats. 
 
One of the limitations of this technique consists of the troubles in the ordered 
deposition of fibers: the random jet of the polymer by the nozzle produces a low-
ordered fiber pattern (Fig. 3.1). In order to improve the manageability of the jet, 
several solutions have tested
1-2
, such as near-field ES
3-4
, field-induced ES
5-8
 and 
mechano ES
9
. However, problems as the complexity of the setup, the selection of 
suitable polymers in order to exploit the spinneret and to not clog the nozzle and 
the high required temperature are not overcome by these solutions. The tethered 
pyro-electrodynamic spinning (TPES) is a revolutionary system that works 
without wires, electric circuits, electrodes and nozzle
10
. Fiber jet is driven by the 
pyro-electric field, activated by a LN crystal, in a configuration very similar to 
the one used for the pyro-EHD printing of micro-lenses, already showed in 
Chapter 2
11
. 
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Figure 3.2.  TPES setup: the LN crystal is heated and actives a pyro-electric 
field. The polymer drop is deformed through EHD effect into a Taylor’s cone, 
depositing fibers onto a target substrate. 
 
In fact, the pyro-electric field actives the EHD pressure onto the starting liquid 
drop, placed onto a flat substrate, and deforms it into a Taylor’s cone, until its 
stretching is long enough to deposit fibers onto a target substrate (Fig. 3.2). 
Comparing to the classical ES, the field, in the TPES, attracts the entire volume 
of the reservoir drop, arranging the electric field lines
12
. The stimulus propagated 
all over the fiber allows manipulating the polymer better during the process, 
improving the stability and the resolution of the deposition. In other words, the 
pyro-electric field converges in one point and guides the jet punctually, until the 
polymer meets the target substrate, drawing a line
13-15
. Through the use of a 
monitoring system, it is also possible to move the target substrate in order to 
realize well-ordered patterns
10
. An important parameter to evaluate is the distance 
d between the reservoir drop and the target substrate: increasing d the spatial 
resolution also increases, but the field exerts a lower attractive force in the drop. 
However, during the deposition the drop volume is not constant and decreases 
progressively; the control of d is a way to try to keep the uniformity of the jet
16
. 
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3.2    Paper: “Direct Writing of Microﬂuidic 
Footpaths by Pyro-EHD Printing” 
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3.2.1 Abstract 
In this study, we report a direct writing method for the fabrication of microﬂuidic 
footpaths by pyro-EHD jet printing. Here, we propose the use of a nozzle-free 
three-dimensional printing technique for the fabrication of printed structures that 
can be embedded in a variety of soft, transparent, ﬂexible, and biocompatible 
polymers and thus easily integrated into lab-on-chip devices. We prove the 
advantage of the high resolution and ﬂexibility of pyro-EHD printing for the 
realization of microﬂuidic channels well below the standard limit in dimension of 
conventional ink-jet printing technique and simply adaptable to the end-user 
desires in terms of geometry and materials. Starting from the description of the 
innovative approach proposed for the channel fabrication, we demonstrate the 
design, fabrication, and proof of a microﬂuidic matrix of interconnected channels. 
The method described here could be a breakthrough technology for the 
fabrication of in situ implantable, stretchable, and biocompatible devices, opening 
new routes in the ﬁeld of biomedical engineering and wearable electronics. 
 
3.2.2 Introduction 
Microﬂuidics has become a key issue technology for a broad range of audience, 
from biological analysis and basic cell biology to chemical synthesis or opto-
ﬂuidics. In fact, microﬂuidic devices have shown their potential in many areas, 
such as clinical analysis
17
, high-throughput screening
18
, biomedical devices with 
applications including analysis of DNA and proteins
19
, sorting of cells
18
, 
implantable devices, chemical reactions
20-21
, transfers of small volumes (1-100 
nL) of materials
22
, and tools for chemical and biochemical applications. The 
combination of microﬂuidics and nanotechnology can be the breakthrough 
technology that could bring conventional biological lab-on-chip (LOC) and point-
of-care (POC) devices to the next generation of applications. Typical uses of 
microﬂuidic devices (e.g., chemical analysis) require these systems to be 
inexpensive and simple to operate. So far, methods used to fabricate micro-
channels have been mostly based on photolithography
23 
and soft lithography in 
case of polymers
24-26
, and even more complex techniques, such as stereo-
lithography (SL)
27
, laser-chemical 3D writing
28
, and microjoinery
29
, have also 
been developed to design micro-channels with more complicated geometries. 
Unfortunately, all of these processes are still expensive and require complex 
equipment and highly trained staﬀ. In particular, lithography techniques require 
advanced facilities and numerous process steps and often produce toxic waste. 
They are also often limited in both material choice and channel geometry. More 
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recently, microﬂuidic systems have been generally built using a replica molding 
technique and very few materials, such as the thermosetting PDMS or 
thermoplastics polymethylmethacrylate and polystyrene. Although applications 
are not lacking
23,30 
and PDMS molding is able to produce micron-resolution 
features, the PDMS mold fabrication requires a long and slow manual 
procedure
31
. Additionally, to be cost-eﬀective, molded devices have to be 
produced on a large scale, requiring very high initial investments, and they cannot 
be easily customized. Micromilling is an alternative rapid plastic fabrication 
method allowing more complex geometries and multi-height structures that are 
not limited to single layers
32
. However, it still requires assembling and bonding to 
produce closed channels and the milling tool cannot cut arbitrary shapes. All of 
the proposed methods are layer-by-layer techniques. Each layer is produced as a 
result of physicochemical steps not speciﬁed in the initial photomask(s) that are 
not well suited for packaging the device into a user-friendly, industry standard 
unit. The ﬁnal device needs to be assembled by bonding, resulting in a cost that is 
very hard to predict at the start of the project. A diﬀerent approach is represented 
by SL, which allows the assembly-free production of quasi-arbitrary 3D shapes 
using a photosensitive resin precursor by means of a focused laser or a digital 
light projector with improved resolution. Importantly, SL devices can be designed 
by several groups using CAD tools, conveniently ordered by mail, and their cost 
precisely predicted via a Web interface
33
. Unfortunately, one major problem 
related to the SL fabrication methods lies in the resolution in the range of tens or 
hundreds of microns in width and height of the channels produced. In fact, SL 
oﬀers both a more user-friendly technology and a simpler commercialization path 
compared to those of plastic/PDMS molding. On the other hand, commercial SL 
systems have laser beam diameters of approximately 100 µm. Therefore, devices 
with features smaller than this value cannot be readily fabricated using SL. Nano- 
and micro-miniaturization of devices for use in these areas could lead to many 
beneﬁts, including reduced manufacturing cost, portability, use and disposal, and 
reduced time of analysis and consumption of reagents and analytes. 
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techniques resolution fabrication 
time 
cost mass 
production 
custom-
made 
pyro-EHD submicron Fast low yes Yes 
photolitography submicron Medium very 
high 
yes No 
soft lithography submicron Long low yes No 
SL 100 μm Medium very 
high 
yes Yes 
replica molding micron Long medium yes Yes 
laser writing submicron Fast high no Yes 
Micromilling micron Fast high no Yes 
 
Table 3.1. Comparison of diﬀerent techniques used for the preparation of micro-
channels. 
 
 
 
Figure 3.3. Activation of the pyroelectric ﬁeld of an LT crystal by a wireless 
thermal source; the poly(lactic-co-glycolic acid) (PLGA) drop starts to deform 
into a Taylor cone under the action of the pyroelectric charges and prints the 
polymer ﬁber onto a target substrate. A computer-controlled translation stage is 
used for the motion of the substrate, to obtain the footpath line. 
 
Direct writing
34
, ink-jet printing
35
 and near-ﬁeld electrospinning36 have been 
improved for ink micro-patterning on various kinds of substrates, but the printing 
of highly viscous polymeric ink and the requirement of a complex system are still 
a problem. Recently, novel fabrication and high-resolution printing approaches 
have been pursued on the basis of the pyro-EHD eﬀect for the functionalization 
of ready-to-use devices and high-resolution patterning of viscous inks
37-39
. Here, 
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we demonstrate the use of this nozzle-less ink-jet printing technique called 
tethered pyro-electrohydrodynamic spinning (TPES)
10
 for the direct printing of 
footpaths with diﬀerent geometries and dimensions adopted as templates for 
fabricating microﬂuidic channels. We propose two strategies. The ﬁrst is based on 
the use of this pyro-printing system combined with the replica molding process. 
The combination of these two technologies allows the fabrication of microﬂuidic 
channels by a two-step process. The second strategy is, instead, a single-step 
procedure for the direct preparation of microﬂuidic footpaths inside the 
microﬂuidic chips. In this case, the pyro-EHD printing is used for the direct 
writing of biodegradable polymer guides embedded into a PDMS sample. The 
method proposed is fully controllable, easily oriented to the end user, and 
adaptable for an on-demand printing modality. Compared with standard 
fabrication methods, as shown in Table 3.1, the pyro-EHD direct writing 
technique appears more suitable in terms of important parameters, such as 
resolution, biocompatibility, fabrication time, mass production perspective, 
custom-made, and cost. In fact, the microﬂuidic platforms produced are 
extremely ﬂexible, conformable to irregularly curved surfaces, and could be used 
for numerous commercial applications of low-cost portable devices, where 
ultrathin and lightweight features are desirable. Moreover, we show that high-
resolution micro-channels achievable by TPES printing have transversal size 
ranging from hundreds of nanometers to hundreds of microns, well below the 
limit of resolution of standard methods. The approach proposed has been 
demonstrated also for processing biocompatible and biodegradable materials so 
that the devices produced represent useful candidates for biological analysis 
because of their intrinsic absence of toxicity and immunogenicity
40-41
. 
 
3.2.3 Experimental section 
 
3.2.3.1 Device Design and Fabrication  
Fig. 3.3 shows the outline of the experimental apparatus used in the current study. 
A pyro-EHD printer was designed and built to print the micro-channel 
footpaths
11,42-43
. The pyro-EHD jet printer was composed essentially only of a 
pyroelectric crystal, a couple of linear translational stages, a target substrate, a 
support, and a heat source. The printing approach was based on the use of TPES
10 
technique thanks to the pyroelectric eﬀect that activates the jetting process. In 
fact, when a ferroelectric crystal, in our case lithium tantalate (LT), undergoes a 
temperature variation, it generates an electric ﬁeld. The TPES exploits the non-
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uniform electrostatic ﬁeld for direct spinning of highly viscous polymeric 
solutions. In fact, this method allows polymer nano-ﬁbers to be printed directly 
from a polymer drop, thus overpassing the problems due to viscosity that often 
causes “nozzle-clogging” in any conventional inkjet system. The drop reservoir is 
placed directly on the supporting base, and the pyroelectric ﬁeld exerts an 
attractive force on the surface of the polymer drop, deforming it into a Taylor 
cone, thus generating liquid jet emission. Analogously to classical 
electrospinning, the TPES printer functioning is based on the EHD forces acting 
on a ﬂuid surface immersed in a spatially non-uniform electric ﬁeld. 
 
 
Figure 3.4. Micro-channel fabrication through replica molding case (a). In the 
ﬁrst step, a PLGA line is printed onto a glass substrate. In the second step, liquid 
PDMS is poured onto the line and heated at 100 °C for 20 min. Once PDMS is 
cured, it is detached from the glass (third step) and this mold is covered with a 
second layer to close the channel (fourth step). Instead, in the micro-channel 
fabrication obtained with the embedding of the footpath line between two PDMS 
layers (b), the PLGA is directly printed onto a PDMS layer. This layer is covered 
with another PDMS layer (second step). This sandwich is left in water for 7 days 
(third step) to degrade the PLGA line and create the channel between the PDMS 
layers. 
 
Fibers stretched from the elongation of the Taylor cone were deposited and 
printed directly onto the target substrate and used as microﬂuidic footpaths, 
avoiding the use of electronic polymer-loaded syringe pump and external 
hazardous power supply
10,43
. The two directional movements of the pyro-EHD 
printer were digitally controlled by stepper motors, consisting of a high-precision 
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linear motor with an x-y axis (SGSP26-100(XY) SIGMA KOKI CO., LTD) and a 
computer numerical control board (SIGMA KOKI CO., LTD). The software was 
generated by a MATLAB script and used to control the printing pattern and the 
moving speed along each axis during the printing process. The polymer used for 
the fabrication of the footpaths was PLGA (Resomer RG 504, poly(D,L-lactide-
co-glycolide) lactide/glycolide 50:50, MW 38 000-54 000, Sigma-Aldrich). 
PLGA was dissolved in dimethyl carbonate (C3H6O, MW: 90.08, Sigma-Aldrich) 
in 1:3 weight ratio, and the solution was stirred for 10 min at T =50°C to improve 
its homogeneity. A commercial thermo-cross-linkable PDMS solution (Dow 
Corning Sylgard 184, 10:1 base-to-curing agent mixing ratio, Midland, MI; η = 
3900 cP, ep = 2.65 from datasheet) was chosen as target collector of the PLGA 
footpaths and used as the main material component of the microﬂuidic chip. Two 
diﬀerent strategies of microﬂuidic platform fabrication were investigated: (1) 
fabrication of footpaths master for replica molding [Fig. 3.4(a)] and (2) 
embedding microﬂuidic footpaths in a polymer matrix [Fig. 3.4(b)]. 
 
3.2.3.2 Fabrication of Footpaths Master for Replica Molding 
In the ﬁrst procedure, 3D polymer footpaths were directly printed on a supporting 
substrate by replica molding and sealing the microﬂuidic chip. As a proof of 
concept, we have initially designed and tested a simple and straight polymer 
footpath. In the ﬁrst step, we fabricated through TPES a positive relief footpath as 
a master guide onto a hydrophobic glass substrate coated with a commercial 
ﬂuorosilane (Fluorolink S10, Solvay Specialty Polymers), in order to produce a 
hydrophobic coating. We followed the procedure provided by the retailer and 
prepared a solution of fluorosilane, water, acetic acid and 2-propanol (purchased 
from Sigma Aldrich), respectively in 0.1, 0.4, 0.1 and 99.4 wt%. In order to 
activate the glass surface, it was treated with a O2 plasma (Femto System, Diener 
Electronic Gmbh & Co. KG, Ebhaosen, Germany), allowing the chemical 
bonding of the fluorosilane film. The reaction was totally completed after a day 
spent at standard conditions. After printing the positive master, in the second and 
third steps, we prepared the PDMS microﬂuidic chip by replica molding. The 
polymer was casted over the hydrophobic substrate encapsulating the master, as 
shown in Fig. 3.4. The PDMS solution was poured over the footpath and then 
heated at 100 °C for 20 min on a conventional hot plate to cross-link the polymer. 
After the curing process, the replica was peeled oﬀ the master and the PDMS chip 
was separated from the printed substrate to obtain a ﬂexible polymer strip, 
generating a negative replica of the master itself in PDMS (edges on the master 
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appeared as valleys in the replica, see side view). The molded PDMS produces 
negative replica in terms of open channels that should be sealed to a ﬂat and 
transparent surface to enclose them. This ﬂat surface could be PDMS, resulting in 
a channel with homogeneous walls, or another material. In this study, two 
diﬀerent materials were used for sealing the micro-channel, glass and PDMS, 
whose ﬂexibilities vary greatly. In fact, the devices packed with a second layer of 
PDMS were stretchable and could be very easily deformed and conformed to 
complex geometry. To improve the adhesion between the packing substrate and 
the micro-channels, ensuring the sealing, a preliminary O2 plasma treatment was 
done to both the surfaces that have been successively placed in contact. In fact, 
the O2 plasma treatment on PDMS or glass layer activates silanol groups on the 
exposed surface. These silanol groups can react with other silanol groups (as well 
as hydroxyl or carboxyl groups) on another surface when the two layers are 
brought in conformal contact, forming a tight and irreversible seal (i.e., 
attempting to break the seal resulted in the failure of the PDMS bulk)
44
. Using the 
ﬁrst approach proposed, we started from the printing of the desired patterns and, 
in four steps, we formed channels in PDMS by replica molding. A desirable 
progress in the world of polymeric POC systems would consist in avoiding the 
replica molding procedure, reducing the fabrication steps and limiting the role of 
surface chemistry during sealing. To solve this problem, we introduced an 
alternative and direct procedure of fabrication using an intrinsic property 
(degradability in water) of the PLGA material.  
 
3.2.3.3 Embedding Microﬂuidic Footpaths in a Polymer Matrix 
As described in Introduction, using the TPES technique, PLGA patterns were 
printed on a cured PDMS substrate. In this case, the PLGA ink used for the 
fabrication of the master was doped with a ﬂuorochrome (Nile red, C20H18N2O2, 
technical grade, Sigma-Aldrich, 2 µg per milligram of PLGA); the dye was 
introduced for a better visualization of the footpaths proﬁle. The distribution of 
the ﬂuorochrome inside the polymer appears uniform, due to its molecular 
polarity and therefore to its solubility in PLGA, even at a concentration of 20 
wt%. In the ﬁrst step, the master was printed in the same way of the previous 
method described, whereas liquid PDMS (base and curing agent) was casted onto 
the patterned master substrate [Fig. 3.4(b)] and then the PDMS was cured at room 
temperature for 24-36 h. The result was a PDMS sample embedding a PLGA-
printed ﬁber. This sample was then immersed in water to dissolve the PLGA45. In 
fact, in the presence of water, PLGA degrades by hydrolysis of its ester linkages. 
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The degradation time requested for PLGA is related to the ratio of monomers 
used in production. In our experiment, after 7 days, the PLGA line was 
completely dissolved and high-resolution footpaths were inscribed into the PDMS 
chip exhibiting a semicylindrical ﬂuorescent shape. Of course, diﬀerent polymers 
and processes could be used for reducing the degradation time signiﬁcantly. The 
proposed approach could be used also for the functionalization of the inner walls 
of the channel. In fact, during the degradation of the PLGA, the Nile red 
molecules diﬀuse from the solution to the walls of the PDMS channel, making it 
ﬂuorescent when exposed. Fig. 3.5 shows a simple straight footpath under 
ﬂuorescent illumination once complete degradation of the PLGA was achieved. 
 
 
Figure 3.5. Two images of a micro-channel into a PDMS matrix: in bright ﬁeld 
(top) and using a ﬂuorescent lamp and a rhodamine ﬁlter (bottom). Fluorescent 
Nile red diﬀuses from the PLGA to the PDMS during the degradation of PLGA. 
The diameter of the channel is about 50 µm. 
 
3.2.4  Results and discussion 
The ﬁber diameters printed by TPES depend on the volume of the starting 
droplets and the working distance between the target and the base substrate. In 
fact, the pyro-EHD printer lowers the resolution of printing up to attoliter droplets 
and hundreds of nanometers
11
 compared with the picoliter range that is the 
smallest volume of liquids that can be readily ejected from thermal/piezoelectric 
print heads, thereby establishing minimum sizes of patterned features as ~10 
µm
46
. Higher is the distance between the printing drop and the target, thinner is 
the printed ﬁber, as demonstrated in previous studies11,42. The achievable width of 
the deposited lines or droplets can range from few hundreds of nanometers to 
hundreds of microns
11
. The aspect ratio (i.e., the proportional relationship 
between the channel width and height) is ~1 during the stable pyro-EHD printing 
98 
 
because both height and width change simultaneously. The length of a single 
printed line can arrive up to 15 cm. For convenient visualization, in the 
experiments proposed in this study, the length of the channel was reduced to 1.5 
cm and the diameter limited to about 2 µm. Fig. 3.6(a) shows the top view of the 
PDMS device demonstrating good control of direct printing of a single 3D 
printed footpath, and Fig. 3.6(b) shows the channel cross section. The cross 
section of the channel is cylindrical, showing the 3D core of the pyro-electro-
spun micro-ﬁber. The morphology and structure of the patterns were 
characterized by microscopy (Zeiss AXIO Zoom V16) and DH. An 
interferometric characterization based on DH
47-48
 was carried out to evaluate the 
quality of the surface ﬁnishing of the footpaths [Fig. 3.6(c)]. The optical setup 
used was a classical Mach-Zehnder interferometer in transmission conﬁguration. 
Starting from the recorded hologram, the intensity and the phase distributions of 
the optical waveﬁeld transmitted by the sample could be extracted49-50. The 
interferometric image obtained showed a very good internal surface ﬁnish for the 
footpath and its 3D nature in the case of a simple straight channel. 
 
 
Figure 3.6. Footpath into a PDMS matrix (a) and its section (b). The inner proﬁle 
of the micro-channel evaluated through DH microscopy (c). 
 
In the following, we show that TPES was useful for the direct writing of more 
complex microﬂuidic footpaths. In fact, by using this system and controlling the 
translators, diﬀerent geometrical patterns were printed, as shown in Figure 3.5. 
Crossroads is shown in Figs. 3.7(a) and 3.7(b); a simple Y-junction micro-
channel is displayed in Fig. 3.7(c), and a sinusoidal channel is shown in Fig. 
3.7(d). The crossﬂow microﬂuidic technology, obtainable in case of crossroads in 
Figs. 3.7(a) and 3.7(b) by the delivery of a large number of ﬂuid streams, could 
enable the creation of a unique patterned array system for subsequent high-
throughput manipulation and screening. The Y- micro-channel of Fig. 3.7(c) with 
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two lateral inertial migration across laminar co-ﬂowing streams has also been 
used to achieve fast ﬂuid exchange around cells and particles51. This technique 
relies on the intelligent use of the presence, in this case, of two stable equilibrium 
positions in low aspect ratio channels. Consequently, with an appropriate outlet 
design, the particles can be captured in the exchange solution with high purity, 
high yield, and at a high rate (which is a general characteristic of inertial 
microﬂuidic platforms). The sigmoidal channels with alternating curvature of Fig. 
3.7(d) were initially introduced to reduce the number of focused streams from 
straight channels and have also been found to enhance inertial focusing (tighter 
focusing at shorter downstream distances) compared with straight channels; in 
particular, they have been employed for accurate positioning of cells for 
deformability cytometry
52
. By exploiting the polymeric instability of the Taylor 
cone under the printing action of the pyroelectric ﬁeld53 and particularly 
exploiting the jetting mode observed by Park et al. as a function of the ﬂow rate 
induced by the electric ﬁeld strength54, it would be possible to obtain diﬀerent and 
more complex channel shapes, in addition to isolated line and grids. Additionally, 
the use of the TPES printing system will lead to achieve printing of complex 
proﬁles at the nanoscale level; the overlapping of two printed PLGA lines in the 
junction area could be conﬁned by controlling the starting polymer solution, but 
this demonstration is beyond the scope of this study. 
 
 
 
Figure 3.7. Diﬀerent printed patterns: crossroads (a) and magniﬁed view (b); Y 
shape (c) and sinusoidal shape (d). 
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Fig. 3.8 shows the design of a microﬂuidic platform directly inscribed into the 
polymer matrix using our second method. A continuous serpentine of parallel 
channels is printed by TPES, the polymer substrate is then rotated 90°, and the 
same circuit of channels is superimposed in the central area of the ﬁrst one [(Figs. 
3.8(a) and 3.8(b)]. A matrix of interconnected channel is fabricated after the 
dissolution of the PLGA in water, as already described. During the polymer 
curing process, two plastic tips were inserted corresponding to the starting and 
ﬁnal points of the printed channels to prepare the inlet and outlet zones, essential 
to ﬁll up and empty the platform. The geometry of the device has been validated 
to ensure the accurate prediction of experimental shear stress. To address this 
point, the microﬂuidic properties of the platform were tested in case of oil and 
water solutions*
1
. In the experiment proposed in the following, the operating 
principle of using micro-channels was based on self-driven capillary eﬀect. 
Capillary motion is the ability of a liquid to ﬂow in a narrow space without the 
assistance of external forces like gravity or syringe pumps. As it is well known, it 
occurs because of intermolecular forces between the liquid and surrounding solid 
surfaces. PDMS has a hydrophobic surface and hence these kinds of channels are 
diﬃcult to wet with aqueous solution. We used plasma treatment to functionalize 
the micro-channel and improve its hydrophilicity. A plasma treatment actives 
silanol groups on channel walls that, being polar, support the interaction between 
the channel and the aqueous solution, facilitating the flow of hydrophilic 
solutions. In fact, we demonstrated that the channel showed in Fig. 3.8(c) works 
better after an O2 plasma treatment. Unfortunately, the effect of the plasma ends 
in a very short time (about 30 minutes)
17
. In order to obtain a micro-channel 
having hydrophilicity permanently, a solution of (3-
glycidoxypropyl)triethoxysilane (3GPTS, C9H20O5Si, purchased by Gelest Inc.), 
ethanol and water was prepared in 5:19:1 volume ratio. Acid acetic was added to 
the solution to correct the pH to 5. This solution was inserted into the channel 
after the plasma treatment, exploiting the easy injection of water-based solutions 
when the silanol groups are activated. The 3GPTS molecules produced silanol 
groups able to form hydrogen bonds with the groups activated onto the PDMS 
channel surface. When the water was removed from the system, at the end of the 
silanization process (about 6 hours, in order to ensure micro-channel complete 
drying), these hydrogen bonds were transformed into silane covalent bonds, while 
the external groups of the channel were polar, improving channel hydrophilicity 
                                                     
*
1
   See supporting movie at DOI: 10.1021/acsami.7b02633 
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permanently
55
. The microﬂuidic platform has been completely produced using the 
elastomeric material, with the advantage of being ﬂexible and adaptable to 
various shapes [Fig. 3.8(d)]. On the other hand, Figs. 3.8(e) and 3.8(f) shows the 
operating principle of the cross ﬂow of footpath directly integrated in the matrix 
of the interconnected channel. The test liquid used in the experiment was a water-
based black ink. As all of the channels are interconnected, as a direct 
consequence of the printing step of a continuous serpentine, they could be ﬁlled 
by introducing the liquid of interest just into the inlet previously prepared. The 
cross ﬂow generated inside the platform allowed the simultaneous ﬁlling of the 2 
× 2 cm
2 
matrix of the micro-channel*
2
. Black dye was used just to visualize the 
laminar-ﬂow proﬁle along the footpaths.  
 
 
 
Figure 3.8. (a, b) By exploiting the TPES, a PLGA serpentine pattern is realized, 
and by replying the pattern and rotating the sample 90°, a crossroad is obtained. 
(c) A crossroad PDMS-made channel with the inlet and outlet sides for the ink. 
(d) Polymer channels have more ﬂexibility than glass and PDMS-made ones. 
Magniﬁed view of interconnected channels: (e) empty and (f) full of black ink. 
 
3.2.5  Conclusions 
In conclusion, we have successfully demonstrated that pyro-EHD 3D printing can 
be useful for direct writing of microﬂuidic footpaths in LOC polymeric devices. 
We exploit our innovative technique to create stable and ﬁne jetting using the 
                                                     
*
2
   See supporting movie at DOI: 10.1021/acsami.7b02633 
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TPES system. Thus, we overcome the limitations that usually occurred in all 
previous EHD-based ink-jet printers, achieving a higher resolution in spite of a 
small footpath diameter and various patterns. We have described and shown two 
diﬀerent approaches for the fabrication of micro-channels. In one case, we 
introduced an innovative method to create ﬂuorescent channels inside a ﬂexible 
and transparent polymer platform. We characterized the micro-channels by means 
of optical and holographic microscopy. Moreover, these microﬂuidic devices 
would oﬀer biocompatibility, even with some caveats, because of Nile red, which 
could be easily replaced by biologically safe dyes, such as green ﬂuorescent 
protein or quantum dots. Thus, microﬂuidic chips have the potential for in situ 
application to biological tissues; they might be used as scaﬀolds to mimic the 
biological function of diﬀerent biological tissues under diﬀerent physiological 
conditions and represent an upgrade for supporting the development of healthcare 
POC devices. Such understanding let us believe that these systems could bring 
powerful microﬂuidic techniques to the bench top of researchers who are not 
expert developers of microﬂuidic devices. 
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This thesis was focused on the exploitation of pyroelectric fields to manipulate 
polymeric solutions with the use of a LN crystal. In particular, the combination 
between pyroelectricity and EHD was investigated, in order to realize single 
polymeric micro-lenses or micro-lenses arrays (as reported in Chapter 2) and to 
fabricate micro-fluidic channels (presented in Chapter 3). About the lenses 
fabrication, the first approach proposed was based on the pyro-EHD dispenser, a 
printing technique patented by CNR-ISASI. The pyro-EHD dispenser proposes 
an alternative procedure to the classic EHD printers, which permits to avoid the 
use of electrodes and nozzle and offers the chance to print several kind of 
polymers in micro- and nano-scale with high resolution. Specifically, the micro-
lenses fabrication proposed passes through the evolution of the pyro-EHD 
dispenser setup: the flexibility of the system is then enhanced passing to the 
forward pyro-EHD configuration. The novelty of the forward setup consist of the 
localizing of the starting drop at the same side of the crystal, while in the classic 
configuration it lies on the base opposite to the crystal. In other words, the 
limitations that occurred in conventional EHD printing systems, consisting of the 
target substrate inserted between the two electrodes, were exceeded. In this way, 
it is potentially possible to print on any kind of substrate. This was validated in 
Chapter 2.3 by the direct printing of micro-lenses onto a commercial micro-
fluidic channel. The setup produces lenses with high resolution and the lenses 
show uniform sizes and shapes. The quality of the lenses was tested with a 
geometric and optical characterization. A second approach to fabricate the lenses 
exploits the pattern impressed onto a poled pyroelectric crystal to create lenses 
arrays; the pyroelectric field lines guide the polymer (PDMS) that, due to EHD 
effect, self-assembles on the crystal and assumes the shape of a lenses array, as 
confirmed by an optical characterization. When nano-fillers (such as semi-
conductive nano-rods) are added to PDMS, during the application of the 
pyroelectric field, these move into the polymer matrix due to DEP effect, creating 
well-ordered nano-composites onto the crystal surface. In Chapter 2.5 the 
arrangement of quantum dots onto self-assembled micro-lenses was proposed; 
DEP effect onto QDs has been evaluated. Furthermore, the attention has been 
focused on self-assembled lenses arrays onto crystals having small hexagon 
patterns (25 and 50 μm) and on the pattern transfer onto an external polymeric 
membrane. In Chapter 3 the fabrication of micro-fluidic devices through pyro-
EHD effect was reported. In particular, pyro-EHD dispenser, in its classic 
configuration, allowed to use highly viscous polymeric solutions, which can 
deposit polymeric fibers, representing an alternative to the electrospinning. A 
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movement stage system assisted the deposition along the target substrate. The 
produced fibers were characterized by the typical pyro-EHD printer uniformity 
and their dimensions ranged from hundreds of microns to hundreds of 
nanometers. The TPES technique, analyzed in Chapter 3, was used to print PLGA 
fibers in order to realize patterns for micro-channels. The flexibility of the 
technique permitted to write patterns of different shapes and dimensions and the 
fiber maintained its shape in the polymeric (PDMS) matrix, used to fabricate the 
micro-channel. Replica molding and plasma treatment processes completed the 
channel fabrication. It was also showed the possibility to functionalize the inner 
channel walls and to improve the hydrophilicity of the channel. Definitely, pyro-
EHD represents an attractive solution to many technological fields, such as optics 
and microfluidics, due to its versatility. High resolution patterning and printing 
have also great interest in nano-technology or biology, where the touch-less 
approach constitutes another interesting skill. The miniaturization of the devices 
and the possibility to optimize lab-on-a-chip systems is a very impressive 
research feature. The potentiality of the setup could be further explored, realizing 
patterns made of different materials, suitable, for example, for electronic industry. 
The functionalization of micro-structures is considered, on the other hand, very 
interesting for photonics and composite industry. 
